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CHAPTER I. 

ON TEMPERATURE AND ITS MEASUREMENT, THE MERCURIAL 
THERMOMETER. MAXIMUM AND MINIMUM THERMOME- 
TERS. 

1. If we place a poker in a fire, and after some time 
remove it, it feels hot. The physical cause of this sensation 
is called heat A piece of iron which has been exposed to 
the air in Britain will generally feel cold. 

If we hold for some time in the right hand a piece 
of iron which feels hot, and then grasp the right hand with 
the left, the left hand will experience a sensation of heat, or 
the right hand will feel hot to the left, and at the same time 
the left hand will feel cold to the right. The same will be 
true if we hold for some time in the right hand any. other 
body which feels hot. The fact that the right hand feels hot 
to the left after holding the hot iron, while it may have felt 
neither hot nor cold before, proves that the hand has re- 
ceived heat from the iron. We therefore infer that when 
a body feels hot to the hand it imparts heat to the hand 
while touching it. It then follows that, because the right 
hand feels hot to the left hand, heat must pass from the 
right hand to the left. But the left hand feels cold to the 
right hand, and associating this sensation with what we have 
just proved, viz. that heat passes from the right hand to the 
left, we infer that a body feels cold to the hand when heat 
passes from the hand to the body. We may arrive at the 
same conclusion by holding in the right hand a piece of very 
cold iron, after which the right hand will feel cold to the 
left, and the left hand warm to the right. Now, the fact 
that the left hand feels warm to the right, shews that heat 

a ^ 



2 TEMPERATURE. 

passes from it to the right hand, and we infer that this also 
is the reason why the right hand feels cold to the left. Also 
the fact that the right hand has been made to feel cold 
to the left by its contact with the iron, shews that heat 
must have left the hand and entered the iron, which ac- 
counts for the latter feeling cold to the hand. 

2. We thus see that a body feels hot to the hand when 
heat passes from the body to the hand, and cold when it 
passes in the opposite direction. The sensations of heat and 
cold are therefore essentially relative. This may be further 
illustrated thus : — 

Place the right hand in a mixture of ice and salt and 
the left hand in hot water, then place both in cold water; 
the cold water will feel warm to the right hand and cold to 
the left, shewing that the sensation of heat or cold depends 
on the condition of the hand relative to the hot or cold body, 
and is not an absolute property of the body itself. The water 
in a bath sometimes feels warm to the hands and cold to the 
feet, 

3. Hie quality of a body, in virtue of which it seems hot 
or cold, is called its temperature. If a body feel hot to the 
hand, it is said* to be at a higher temperature, and if it feel 
cold, at a lower temperature, than the hand. Now we have 
seen that a body feels hot or cold according as heat passes 
from it to the hand, or from the hand to it. The direction 
of the flow of heat then, in this case, determines whether the 
body or the hand is at the higher temperature ; and apply- 
ing the same criterion in all cases to determine whether of 
two bodies is the hotter, we may define temperature thus : — 

Def. The temperature of a body is its thermal condition 
with reference to its power of communicating heat to, or of 
receiving heat from, other bodies ; the body A being said to 
have a higher temperature than B ifB gain heat from A when 
they are placed in contact 

Hence, if when two bodies are placed in contact neither of 
them gain heat at the expense of the other, the two bodies are 
said to be at the same temperature. 

4. When two bodies have the same temperature, they 
are said to be in thermal equilibrium with each other. 



TEMPERATURE. 3 

Now it is found experimentally that if two bodies A and 
C are each in thermal equilibrium with a third body B, then 
if A and G be placed in contact, they will be in thermal 
equilibrium with each other, provided no chemical action 
take place between them. Hence we infer that, bodies 
which are in thermal equilibrium with the same body, are in 
thermal equilibrium with each other; and our definition is 
consistent with itself when it directs us to assign to them all 
the same temperature, viz. that of the body with which 
they are all in thermal equilibrium. If two bodies act 
chemically upon one another they may be put into thermal 
communication with each other by means of a diaphragm 
impervious to either body, but pervious to heat. If no heat 
be lost or gained by either from the other the bodies are in 
thermal equilibrium, but it will be seen that unless radiation 
can take place between them all we can say respecting them 
is that they are each in thermal equilibrium with the dia- 
phragm, and this is no more than saying that they are in 
thermal equilibrium with a third body, 

5. If we touch in succession several bodies all of which 
feel hot, some will feel hotter than others ; and similarly, if 
we touch several bodies all of which feel cold, we shall expe- 
rience sensations of different degrees of coldness. Now if all 
the bodies are formed of the same material, and in the same 
mechanical condition, we are justified in assuming that, of 
two hot bodies, that is of the higher temperature which feels 
the hotter, and similarly for two cold bodies. But if the 
bodies be of different materials we are no longer justified in 
making this assumption, and for this reason ; viz. that the 
power of a hot body to produce the sensation of heat does 
not depend entirely on its thermal condition with reference to 
its power of communicating heat to other bodies (that is, on 
its temperature), but depends also on the rate at which it can 
transmit heat through its substance, and this is different for 
different materials. Thus a piece of iron and a hollow piece 
of wood may both feel hot, and the iron feel much hotter 
than the wood; yet if the iron be placed in the hollow of 
the wood for some time, it may then feel hotter than before, 
thus shewing that heat has passed from the wood to the 
iron, and that the iron was therefore originally at a tempera- 
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ture lower than that of the wood. Again, if a piece of iron 
and a piece of wood be in contact for a long while in a hot 
place, the iron will feel much the hotter though it is in 
thermal equilibrium with the wood, and therefore at the 
tome temperature as the latter. This is due to the differ- 
ence in the conducting powers for heat of iron and wood, and 
will be discussed in a subsequent chapter. In fact, the in- 
tensity of the sensation of heat depends on the rate at which 
heat enters the skin, and not simply on the temperature of 
the body touched. 

6. In order, then, to determine whether of two bodies 
A and B is the hotter, we ought to place them in contact, 
and determine in which direction the heat passes; but as this 
is frequently a very difficult, or impossible, operation, recourse 
must be had to some more convenient method. This is ge- 
nerally accomplished by taking a third body C, veiy small 
compared with A or B, and called a thermometer. This is 
placed in contact with A till it is in thermal equilibrium 
with it, and therefore at the same temperature ; and sub- 
sequently in contact with B f till it is again in thermal equi- 
librium, and therefore at the temperature of B; and it is 
ascertained whether the temperature of C is higher when in 
equilibrium with A or with B by observation of some pro- 
perty of the body G, which changes with its temperature, as, 
for example, its volume. 

If the body C be in precisely the same thermal condition 
both when it is in thermal equilibrium with A and when in 
thermal equilibrium with B, it follows from Article 4 that A 
and B are at the same temperature. Hence, a thermometer 
will enable us to determine whether a number of bodies are 
at the same temperature or not, and if not, to arrange them 
in the order of their respective temperatures. 

7. All bodies, with very few exceptions, among which 
may be mentioned iodide of silver, stretched caoutchouc (in 
the direction of the tension), water at or near the freezing 
point and some alloys, expand when heated, and contract 
again on cooling, so that, other things being the same, their 
volume increases as the temperature rises, and returns to its 
original value when the body regains its original tempera- 
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ture. Suppose it possible to measure accurately the volume 
of a given small quantity of v some substance, as, for instance, 
mercury. Then if the mercury be placed in contact with 
each of any number of bodies in succession, till it is in ther- 
mal equilibrium with it, and its volume be measured in each 
case, we can arrange the series of bodies in order of tern? 
perature. 

8. Suppose K y L, and M to be three bodies of which 
K is the coldest and M the hottest. Then, although we can 
arrange the bodies in order of temperature by means of the 
small quantity of mercury, or other substance, whose volume 
we measure, yet we are not at present in a position to tell 
whether the difference between the temperatures of K and 
L is greater, equal to, or less than, the difference between 
the temperatures of L and M; in fact we have as yet no 
graduated scale of temperature. Now, if our thermometer 
consist of a given mass of mercury, we may, if we please, 
define equal increments of temperature to be such as pro- 
duce equal increments in the volume of the mercury, and it 
will then follow directly from the definition that the differ- 
ence between the temperatures of two bodies is proportional 
to the difference in the volume of a given mass of mercury 
when in thermal equilibrium with the first and second body 
respectively. We are thus enabled to form an arbitrary 
scale of temperature which will depend upon the properties 
of the particular substance (in this case mercury) which 
forms our thermometer. As, however, the mercurial ther- 
mometer is used much more extensively than any other, 
before alluding to other scales of temperature we shall de- 
scribe the construction and mode of graduation of the ordi- 
nary mercurial thermometer. 

9. If we wish to detect and measure very small incre- 
ments in the volume of a substance, it is obviously most 
convenient to employ, when possible, a fluid as the substance 
whose volume is to be changed, for we can then avail our- 
selves of a, large volume of fluid contained in a suitable reser-* 
voir (e.g. the bulb of the thermometer), while we can cause 
the free surface to be contained in a tube of very small bore, 
and thus an extremely small increase in the volume of the 
fluid will be accompanied by a considerable movement of thei 
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surface in the tube. In this case it is plain that the change 
of volume observed is only the difference between the change 
of volume of the fluid and the envelope in which it is con- 
tained ; but this is no serious inconvenience, since fluids can 
be found which expand very much more than glass, of which 
the envelope is usually made ; and even if we employed 
solid bars, we should have to take care that our measuring 
instruments did not thetnselves expand, or we should obtain 
no better result. 

10. To construct a mercurial thermometer a Fl °- *• 
glass tube of very fine bore is taken, and a small 
bulb is blown at one end, while a cup is formed 
at the other extremity as shewn in Fig. 1. In 
this cup is placed a small quantity of mercury, 
and the bulb is then heated over a flame. The 
air in the bulb expands when heated, and a con- 
siderable portion of it escapes by bubbling up 
through the mercury in the cup. The bulb is 
then allowed to cool, when the pressure of the air 
within it diminishes (as explained in Chapter IV.), 
and the pressure of the external air drives some 
of the mercury in the cup down the tube and into the bulb. 
If it be desired to take great care in the construction of 
the thermometer, this process is repeated until the bulb 
and a portion of the tube are filled with mercury when at the 
ordinary temperature, but in general a more expeditious 
process is adopted. A small portion of mercury having 
entered the bulb as described above, the latter is heated 
until the mercury boils, when the heavy mercury vapour 
drives out the lighter air at the top of the tube, and, when 
the whole of the air has been expelled, the bulb and tube 
are filled with mercury vapour (except the space occupied 
by the liquid mercury remaining in the bulb). The instru- 
ment is then allowed to cool, and as the mercury vapour 
condenses, the mercury in the cup is forced into the tube 
by the pressure of the external air, and, except for a very 
small quantity of air which may have been left behind, 
the bulb and tube are completely filled with liquid mercury. 
The instrument is then heated to a temperature somewhat 
higher than the highest for which it is intended to be sub- 
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sequently used, when the mercury expands so as to com- 
pletely fill the tube, and drive out any residue of air which 
may have been left above it. The top of the tube is then 
sealed with the blowpipe while the mercury remains hot. 
The instrument should be kept for some months aftei* the 
bulb has been blown before it is graduated, because glass 
after being highly heated does not acquire its permanent 
volume for some time, and this is the reason why in the 
filling of the best thermometers, to be used for moderate 
temperatures only, the mercury is not boiled, but the air is 
driven from the bulb by heating it slightly many times in 
succession. 

The external diameter of the tube of a thermometer 
is generally very great compared with the diameter of the 
bore. Moreover, it is of importance for many purposes that 
the bulb should be constructed of very thin glass. In most 
well-made thermometers the bulb is elongated, so as to 
be almost cylindrical, while its external diameter is fre- 
quently not greater than that of the tube. 

11. It remains to graduate the thermometer. It is 
found that under ordinary atmospheric pressure pure ice 
always melts at the same temperature, which is called the 
freezing point, and also that the temperature of the steam 
above the surface of boiling water depends only on the 
barometric pressure to which it is subjected. A pressure of 
29*905* inches of mercury at the freezing point in the 
latitude of London and at the level of the sea is generally 
taken as the standard pressure, and the temperature of the 
steam above the surface of water boiling under this pressure 
is always the same, and is called the boiling point. If the 
height of the barometer differ from this standard height, in 
graduating the thermometer a correction has to be made in 

* The pressure of the standard atmosphere is generally taken to be equal 
to that of 760 millimetres or 29*9215... inches of mercury at 0°C. at the sea- 
level in latitude 45°* On account of the variation of gravity with the 
latitude this is equivalent to the pressure exerted by 29*905 inches of 
mercury at the sea-level in the latitude of London, or by 29*898 inches 
of mercury in the latitude of Manchester. In order to avoid ambiguity 
arising from the variation of gravity, it has been proposed to adopt as 
the standard pressure a pressure of a megadyne per square centimetre. 
This is equivalent to 74*964 centimetres or 29*514 inches of mercury at 0°C. 
at the sea-level in the latitude of London. This would, however, necessitate 
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consequence. (The correction amounts to about 1'4° F.* for 
one inch of mercury.) 

In order to graduate the instrument it is first placed 
in melting ice, and a mark made on the tube at the height 
at which the surface of the mercury stands. This mark 
corresponds to the freezing point, and should always be 
determined before the boiling point, because when it has 
been heated to the latter temperature, the glass does not at 
once contract to its proper volume, and, if the freezing point 
were determined immediately after the boiling point, the 
mark would after some time be found to be too far down 
the tube. In determining the freezing point the thermo- 
meter should be immersed so far in the ice that the surface 
of the mercury is only just visible above it, in order that 
the whole of the mercury may have the temperature of 
the ice. In determining the freezing point it is not generally 
necessary to observe the height of the barometer, for the 

1° 
melting point of ice is lowered by only =^ F. for an increase 

$o 

of pressure amounting to a whole atmosphere. 

12. In order to determine the boiling point, the instru- 
ment shewn in Fig. 2 and called a hypsometer 
is employed. This instrument consists of a 
vessel A, containing water, the upper portion 
of which is a tube open at the top. Over this 
tube is placed the wider tube BG, which is 
closed at B by a perforated cork through which 
the stem of the thermometer T passes. C is a 
small tube for the exit of the steam, sloping 
downwards in order to allow the ready escape 
of condensed water. D is a small bent 
tube containing water, which is sometimes at- 
tached to the instrument to indicate if the 
pressure of the steam within exceed that of the 
external air, When the water in A is made 
to boil, the thermometer soon becomes sur- 
rounded by an atmosphere of steam, which is 

a reconstruction of our thermometries scales, since the temperature of steam 
above water boiling under this pressure is only about 99*63° 0. 
* For description of Fahrenheit's scale see Art. 15. 



Fig. 2. 
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itself surrounded by a steam-jacket, on account of the Steam 
having to pass down between the tubes before escaping at 
C, and is thereby prevented from cooling.. The thermometer 
is pushed through the cork at B till the surface of the mer- 
cury is only just visible above it, in order that the whole of 
the mercury may be exposed to the same temperature. The 
stem is then scratched at the level of the surface of the mer- 
cury (the height of the barometer being observed at the same 
time, in order to make any necessary correction for the pres- 
sure not being the standard pressure of 29*905 inches of mer- 
cury). The mark so placed upon the tube is called the boil- 
ing point 

13. It is important that the thermometer should be im- 
mersed in the steam and not in the water, for the tempera- 
ture at which the water will boil depends on a great many 
conditions. For example, the material of which the vessel is 
composed affects the boiling point, and water will boil in a 
metallic vessel at a lower temperature than in a vessel made 
of glass. Again, saline impurities dissolved in the water will 
cause the boiling point to be raised, but the temperature of 
the steam above the surface of the water depends only on the 
pressure. 

• If a quantity of common salt be dissolved in the water 
the temperature of the solution may be raised about 16°F. 
above the boiling point, but the temperature of the steam 
will be the boiling point due to the existing pressure. If two 
thermometers be immersed in the steam above the solution 
of salt, one of which has its bulb naked and clean while the 
other has a piece of cotton cord, which has been dipped in a 
strong solution of calcic chloride, twisted round the bulb, the 
naked thermometer will indicate 212° F. while the other may 
denote a temperature of 227° F. or even higher. At the same 
time a third thermometer immersed in the solution will read 
228° F. This experiment shews that care should be taken to 
see that the bulb of the thermometer is clean when immersed 
in the steam. 

14. It is very important that when the fixed pointy are 
marked upon & thermometer tube the tube should be in the 
same position relative to the vertical as that in which it is to 
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be subsequently used. For if a thermometer be observed in 
a horizontal position, and be then turned into the vertical 
position, the reading will be lowered in consequence of the 
increased pressure in the bulb, and the effect will be greater 
the longer the column of mercury and the thinner the walls 
of the bulb. 

15. It remains now to subdivide the stem of the ther- 
mometer between the freezing and boiling points into de- 
grees, and to mark off degrees above the higher and below 
the lower of these temperatures. There are three different 
modes of doing this in general use in different parts of 
Europe, in other words, there are three distinct scales of 
temperature. In Fahrenheit's scale, which is chiefly adopted 
in England, the freezing point is marked 32° and the 
boiling point 212°. The tube between these points is then 
divided into 180 equal portions, and divisions equal to these 
marked off above 212° and below 32°. In the scale of 
Celsius, better known as the Centigrade scale, the freezing 
point is marked 0°, and the boiling point 100°, the tube 
between these points being divided into 100 equal parts 
and equal divisions marked off along the rest of the tube. 
This scale of temperature is now almost universally adopted 
by scientific. men. The third scale of temperature, viz. that 
of Reaumur, is ip. very general use in ordinary life on the 
Continent. In it, as in the centigrade scale, the freezing 
point is marked 0°, but the boiling point is marked 80°. 
This scale, like that of Fahrenheit, has little to recommend 
it in preference to the centigrade, except its general use in 
some localities* 

16. We shall now suppose that we are graduating a 
centigrade thermometer, and that the freezing and boiling 

Joints have been marked upon its stem as N described above, 
f the thermometer is not required for very accurate mea- 
surements the remainder of the work is very simple. The 
length of tube between the freezing and boiling points is 
divided into 100 equal parts, and these are marked off upon 
the tube, or on a box- wood or metal scale attached to it, by 
means of a dividing engine or otherwise, equal divisions 
being then carried on throughout the remainder of the tube. 
Each division thus marked is called a degree, and those de- 
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grecs which He below the freezing point, or zero of the scale, 
are marked negative. 

17. Now it is obvious that if there be any inequalities 
in the bore of the thermometer tube in different parts, 
equal lengths of the tube will not always correspond to 
equal increments in the volume of the mercury relative to 
that of the glass. The above mode of graduation is therefore 
not sufficiently exact for accurate instruments. In order to 
remove this cause of error, a small pellet of mercury, of a 
convenient length, is detached from the rest of the column, 
and by inclining and gently tapping the tube, is made to 
occupy different positions within it. The length of the 
pellet in each position is carefully measured, and, since 
its volume is constant, it follows that, if the length of a 
degree at any part of the tube is made proportional to the 
length of the pellet when occupying this position, each 
degree will correspond to the same increment of the apparent 
volume of the mercury in the glass. This process is called cali- 
brating the tube. The division of the tube is then conducted 
On this principle, and it is obvious that care and calculation 
are required in effecting it. A small pellet of almost any 
desired length can generally be removed from the rest of the 
column by tapping it so as to remove a long pellet, warming 
it, re-uniting the pellet to the column, cooling it and again 
tapping the tube. A pellet will then break off at the same 
point of the tube at which the last united to the column, 
and the column being shorter in this case, the pellet will be 
shortened by an equal amount. By carefully repeating this 
process we can remove a very short pellet. 

It has been remarked (Art. 9) that the expansion of the 
mercury with which we have been dealing, is not its actual 
increase of volume, but its apparent expansion when con- 
tained in a glass vessel, and is the difference between the 
actual increase of volume of the mercury and that of the in- 
terior of the part of the glass vessel which originally con- 
tained it. 

18. A thermometer in which the freezing and boiling 
points have been actually determined as above described is 
sometimes called a " natural standard," 
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Thermometers with capacious bulbs and fine tubes and in 
which, therefore, a small change of temperature produces a 
considerable change in the length of the column of mercury, 
are called " open range thermometers." 

Thermometers whose bulbs are very small and thin, and 
which, therefore, quickly assume ,the temperature of the 
body in which they are immersed, are called "sensitive 
thermometers." 

19. It is very important to be able to convert tem- 
peratures expressed in one of the three above-mentioned 
scales, into the corresponding temperatures of either of the 
other scales. 

Suppose F°, C° f and i? to represent the scale-reading 
of Fahrenheit's, the Centigrade, and Reaumur's thermo- 
meters respectively, corresponding to any, the same, given 
temperature. Now the freezing point on Fahrenheit's scale 
is marked 32°. Hence F— 32 is the number of degrees Fah- 
renheit of the given temperature, above the freezing point, 
while C and JB express the same in degrees of the Centi* 
grade and Reaumur's scales respectively. But the excess 
of the temperature of the boiling point above that of the 
freezing point is 180°, 100°, and 80° on the three scales 
respectively, and the excess of any other temperature above 
that of the freezing point expressed in degrees of these 
scales, will therefore be proportional to these numbers. 

Therefore F- 32 : C : R :: 180 : 100 : 80. 

We have therefore the following rules : — 

(I) Since C:B:: 100 : 80 :: 5 : 4, in order to convert 
temperatures on the centigrade scale into corresponding 
temperatures on Reaumur's scale, multiply by 4 and di- 
vide by 5. To perform the inverse process, i. e. to convert 
degrees Reaumur into degrees centigrade, multiply by 5 and 
divide by 4. 

(II) Since F- 32 : C :: 180 : 100 :: 9 : 5, in order to 
convert temperatures expressed in Fahrenheit's scale into 
the corresponding centigrade temperatures, subtract 32 from 
the reading of Fahrenheit's scale, and multiply the result 
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by 5 and divide by 9. To perform the inverse process, 
multiply the reading of the centigrade scale by 9, divide by 
5 and add 32. 

For example, 

212° F. = | (212 - 32)° C. = 5 180° C. = 100° C. 
y y * 

55° C. = (~ 55 + 32) °F, = (99 + 32)° F. = 131° F. 

(Ill) Since F- 32 : B :: 180 : 80 :: 9 : 4, in. order to 
convert readings of Fahrenheit's scale into the corresponding 
readings on Reaumur's scale, and vice versa, proceed as in 
rule (II) only replacing the 5 by 4. Thus 

212° F. = 5 (212 - 32)° R. = | 180° R. = 80° R. 

y y - 

44° R = (| 44 + 32 Vf. = (99 + 32) ° F. = 131° F. 

It may be useful to remark that certain temperatures 
on Fahrenheit's scale, in addition to the freezing and boiling 
points, have received particular names ; for example, 55° F. 
is marked temperate, 76° F. summer-heat, and 98° F. blood- 
heat. 

The student unaccustomed to such calculations will find 
it useful to work out the following examples. 

Express in degrees Centigrade the following temperatures : 

Ans. 70° C. 

25° C. 

15° C. 
„ 165° C. 
„ 13-3 C. 
„ 36-6° C. 
„ 42-2° C. 
„ -12-2°C. 



1. 


56° R. 


2. 


77° F. 


3. 


59° F. 


4. 

§ 


329° F. 


5. 


56° F. 


6. 


98' F. 


7. 


108° F. 


8. 


10° F. 



it 

Si 
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Express in degrees 


Fahrenheit : 






1. 56° R. 




Ans. 


158° F. 


2. 40° C. 




>t 


104° F. 


3. 60" C. 




» 


140° F. 


4. -40°C. 




» 


-40'F. 


5. -10°C. 




» 


14° F. 


6. 309° C. 




s* 


588-2°F. 



20. Coloured sulphuric acid is sometimes used instead 
of mercury for filling thermometers, it having the advan- 
tage of expanding more for a given change of temperature, 
and thus allowing a wider tube to be employed, so that 
the surface is more distinctly visible. Coloured alcohol is 
employed for very low temperatures, since mercury solidi- 
fies at about — 39° C. Alcohol is also used in minimum 
thermometers, which will be presently described. When 
liquids other than mercury are employed, the thermometers 
are generally graduated by comparing them with a standard 
mercurial thermometer at various temperatures, and sub- 
dividing the tube between the graduations so obtained, and, 
in the case of the alcohol thermometer, marking off, on the 
portion of the tube which corresponds to temperatures below 
those measurable by the mercurial thermometer, divisions 
equal to the lowest of those which can be directly deter- 
mined by the latter instrument 

21. It has been stated (Art. 8) that the scale of the mer- 
curial thermometer is a purely arbitrary scale, depending on 
the peculiar properties of mercury and the crown-glass en- 
velope in which it is enclosed. This may be rendered very 
apparent by filling several thermometers with different 
liquids, accurately marking off the freezing and boiling 
points upon each, and dividing the tubes between these 
points each into 100 equal parts, as in the construction of 
the ordinary Centigrade thermometer. On placing these 
thermometers in water at various temperatures, it will gene- 
rally be found that no two of them precisely agree in their 
indications, except at the freezing and boiling points. If one 
of the thermometers contain water, when the mercurial ther- 
mometer registers 4°C, the water thermometer will stand 
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* 

below i zero, and when the mercurial thermometer is at 16° 
the water thermometer will register about 1°. 

22. Although different liquids indicate different scales 
of temperature, yet there is a class of bodies, viz. those which 
have until recently been regarded as permanent gases, which 
all expand very nearly according to the same law, and there- 
fore indicate nearly the same scale of temperature. This 
joint testimony in favour of this particular scale affords a 
good reason for preferring it to any other, and additional 
reasons will be mentioned hereafter* which conspire to render 
this scale peculiarly valuable. Now this scale of tempera- 
ture, generally known as the scale of the air thermometer, 
differs very slightly indeed from that indicated by the ex- 
pansion of mercury in a crown-glass envelope, and this of 
itself affords sufficient reason why mercury should be pre- 
ferred to other liquids for the construction of thermometers. 

23. The other reasons for the employment of mercury 
in thermometers are : 

(1) It readily transmits heat through its substance (i.e. 
is a good conductor), and thus quickly takes up the tem- 
perature of the body in which it is placed, 

(2) Compared with other liquids it requires very little 
heat to raise its own temperature through a given range (i.e. 
its specific heat is small), and this not only favours its quickly 
assuming the temperature of the body surrounding it, but 
also enables it to come into thermal equilibrium with the 
surrounding body without, changing the temperature of the. 
latter to any great extent. 

(3) It remains liquid at ordinary pressure through a 
very great range of temperature, viz. from — 39° C. to 350° C. 

(4) It can readily be obtained in a state of purity. 

(5) It does not wet the glass envelope in which it is 

placed. 

* 

* This scale of the air thermometer possesses also another peculiarity, 
viz. that the same amount of heat is required to raise the temperature of a 
given mass of air at constant pressure through each degree of the scale, 
and it nearly agrees with the absolute thermometrio scale deduced from 
certain thermodynamic considerations briefly referred to in Chapter X. 
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24. When mercurial thermometers of extreme accuracy 
are required for scientific purposes their indications are some- 
times compared with those of the air thermometer and a 
table of corrections made, so that temperature can be de- 
termined by them as nearly as possible in accordance with the 
scale of the air thermometer. Some of the forms of the last- 
mentioned instrument will be described in Chapter IV. 

Throughout the remainder of this work all temperatures 
will be expressed in degrees of the mercurial thermometer, 
except when otherwise stated, 

25. The maximum thermometer is an instrument used 
for registering the highest temperature to which it has 
been exposed since it was last adjusted. 

Rutherford's maximum thermometer Fio. 8. 

consists of an ordinary mercurial ther- 
mometer, in the tube of which is placed 
a small steel index, or needle, repre- 
sented by a 6 in fig. 3, which shews a section of the tube in 
the neighbourhood of the index. The thermometer is kept 
horizontal, and when the mercury expands its convex surface 
c pushes the index before it, for the same reason for which 
the surface of water is capable of supporting a fine dry needle. 
When the mercury contracts it leaves the needle behind as 
shewn in the figure. The end a of the needle will therefore 
always indicate the highest temperature to which the instru- 
ment has been exposed since it was last adjusted. To adjust 
the instrument the index is brought back into contact with 
the mercury by means of a magnet. 

26. The minimum thermometer is employed to register 
the lowest temperature to which it has been exposed. Ruther- 
ford's minimum thermometer consists 

of an alcohol thermometer, placed hori- Fia - 4 « 

zontally, and containing in its tube a 
small index of glass, or enamel, as shewn 
in fig. 4. Since the alcohol wets the 
glass its surface will be concave as shewn at c instead of con- 
vex as in the case of mercury. When the alcohol contracts 
the surface c pushes the index back with it, but when it ex- 
pands, the index being entirely wetted by the spirit, it is 
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left behind. The end a of the index will then shew the 
lowest temperature to which the thermometer has been ex- 
posed. The instrument is set by inclining it until the index 
slides down to the surface c of the spirit. 

27. In Phillips' maximum thermometer the column of 
mercury is divided, so that a short thread is separated from 
the rest of the column by the introduction of a small quantity 
of air, "When in use the tube is placed in a horizontal posi- 
tion, but in order to set the instrument it is held with the 
bulb downwards and gently tapped. By this means the 
separated thread of mercury is caused to fall towards the 
rest of the column, and to compress the air between the two 
until the length of the tube occupied by the air is (in general) 
not more than one-twentieth of an inch. When the tube is 
placed in a horizontal position and the temperature is raised 
so as to cause the mercury to expand, the pressure of the 
bubble of air pushes the thread of mercury before it, so that 
the end of the thread indicates the highest temperature at- 
tained ; but when the temperature is lowered and the mer- 
cury contracts, there being no air in the portion of the bulb 
which is beyond the thread of mercury, there is nothing to 
force the thread back, and it remains stationary, indicating 
the highest temperature which the thermometer has expe- 
rienced since it was last set. 

28. Of all self-registering thermometers perhaps the 
best known is Six's, which serves at once as a maximum 
and minimum thermometer. The bulb A (Fig. 5) is filled 
with spirit. The thermometer tube is bent, as 
shewn in the figure, and contains a quantity of 
mercury which occupies about half the entire 
length of the tube. Above the surface C of 
the mercury is placed a second quantity of spirit 
which flows into the bulb D when the tempera- 
ture is sufficiently raised. The only object of 
this spirit is the support of the index which 
registers the highest point to which the surface O 
of the mercury has risen. Two scales are pro- 
vided, one for the surface B, and the other for C. 
Each index is made of iron or steel, and when it 
is required to adjust the instrument for use the 

a 
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indices are drawn down the tube by a magnet till they are 
in contact with the mercury. As the mercury moves on 
account of the expansion or contraction of the alcohol in 
the bulb -4, the needle at G or B is pushed up the tube 
by the surface of the mercury, as in Rutherford's maximum 
thermometer. Thus the lower surface of the index in the 
tube CD marks the highest temperature to which the bulb 
A has been exposed, while the index in AB registers the 
lowest temperature. The motion of the surface G is due to 
the expansion of the alcohol together with that of the 
mercury. 

29. The weight-thermometer may frequently be em- 
ployed as a convenient form of maximum thermometer, but 
this will be described when we speak of the expansion of 
liquids (Art. 80). 






CHAPTER II. 

ON HEAT CONSIDERED AS A QUANTITY. SPECIFIC HEAT. 
CALORIMETRY. TABLE OF SPECIFIC HEATS. 

30. Def. A quantity is that which can be expressed as 
a multiple, part, or parts of an arbitrary unit of its own kind. 

The complete representation of a Physical quantity will 
therefore consist of two factors, one of which expresses the 
unit which must be of the same kind as the quantity con- 
sidered, while the other is a pure number expressing the 
tfatio which the quantity bears to that unit, and is called the 
measure of the quantity. [From this it will be seen that 
a quantity can be measured when its ratio to a definite 
quantity of the same kind can be determined. Now the 
determination, of the ratio which one quantity bears to 
another, regarded as a process of division, is but the inverse 
of multiplication and is possible if the latter operation can 
be performed upon the quantities. But the multiplication 
of a quantity by a pure number is possible whenever the 
operation of adding together two or more quantities of the 
same kind as that considered is capable of a rational inter- 
pretation, and hence it follows that the test of quantity 
properly so called, that is, a measurable quantity, is the 
possibility of giving a rational interpretation to the result 
obtained when it is added to another of the same kind.] 

31. In the preceding Chapter we have discussed the 
modes of measuring temperature, and we have throughout 
spoken of degrees, and not quantities, of temperature; 
because hitherto we have seen in temperature only a 

1— ^ 
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Duality which affects bodies, and not a quantity which can 
e dealt with by the ordinary laws of arithmetic, for in so 
far as we have at present discussed temperature we can 
assign no meaning whatever to the operation of adding 
together two temperatures, or of multiplying a temperature 
by any number. If we mix together two equal quantities of a 
substance at the same temperature, the temperature of the 
mixture is not the sum of the temperatures, but is equal to 
that of either, and if their temperatures be originally unequal, 
the temperature of the mixture is intermediate between that 
of its components. In fact, if we have no other conception 
of temperature than that adopted in the preceding Chapter, 
the operation of adding together two temperatures is alto- 
gether unintelligible. At any rate, it is at once obvious that 
we must not add the numbers representing the temperatures 
on any of the arbitrary scales we have described, for the 
results will be different according to the position of the zero 
of the scale, though the temperatures are the same. Thus 
15° C. is the same temperature as 59° F., and 20° C. the same 
as 68° F., but 35° C. is not the same as 127° F., but is equal 
to 95° F. Temperature is in this respect analogous to many 
other qualities possessed by bodies, as, for example, hardness. 
We may say that a body A is harder than a second body B 
if A will scratch B, but cannot be scratched by it, and we 
may then select a number of bodies, each of uniform hard- 
ness, and number them so as to form an arbitrary scale. 
The number attached to each substance will then represent 
its degree of hardness. We may, for example, take the 
hardnesses of the following substances as the standards of 
reference for our arbitrary scale, calling that of Talc 1, Rock- 
salt 2, Calcareous spar 3, Fluor spar 4, Apatite 5, Felspar 6, 
Rock-crystal 7, Topaz 8, Corundum 9, Diamond 10. Now, 
suppose a piece of glass will scratch Apatite but is scratched 
by Felspar, we say then that its degree of hardness lies 
between 5 and 6. Again, suppose a penknife will scratch 
Felspar but not Rock-crystal, then we say that its hardness 
lies between 6 and 7. We cannot however assign any mean- 
ing to the operation of adding together the hardness of the 
glass and knife, and so can never have to determine whether 
the result would be a hardness greater than that of the 
diamond or of any other substance, nor can we compare the 
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interval between the hardnesses of any two substances in our 
scale with the corresponding interval for any other pair. 

32.. The case is however different with the agent which 
is the cause of increase of temperature in bodies, namely, 
heat itself. If we take a pound of water at 1°C. it will 
require a certain definite amount of heat to raise its tem- 
perature to 2° C. under given conditions, and a second pound 
of water will require an equal amount of heat to produce the 
same change of temperature under the same circumstances. 
Consequently the two pounds require twice the amount of 
heat required by the one pound to produce the same change 
of temperature, so we see that heat must be of the nature of 
a physical quantity which is subject to the ordinary opera- 
tions of arithmetic (i.e. addition, subtraction, &c), and we 
are therefore justified in speaking of amounts, and not of 
degrees, of heat. 

33. Since, then, heat is a physical quantity, it is of im- 
portance to compare the amounts of heat required to pro- 
duce given changes in definite portions of matter. If a 
pound of water at 0° C. be mixed with a pound of water at 
2°C. the mixture will be found to have a temperature of 
1° C, so that the heat which leaves 1 lb. of water when its 
temperature falls from 2°C. to 1°C. is just capable of raising 
the temperature of lib. of water from 0°C. to 1°C. We 
learn, therefore, from this experiment, that the same amount 
of heat is required to raise the temperature of 1 lb. of water 
from 1°C. to 2°C. as from 0°C. to 1JC., and therefore the amount 
of heat required to raise 1 lb. ol*water from 0° C. to 2° C. is 
twice that required to raise it from 0°C. to 1° C. Similarly if 
we mix together 1 lb. of water at 0° C. and 1 lb. at 4° C. the 
temperature of the mixture will be found to be 2°C, from 
which we infer that the amount of heat required to raise 1 lb. 
of water from 2° C. to 4° C. is equal to that required to raise it 
from 0° C. to 2° G; whence it follows that the amount of heat 
required to raise 1 lb. of water from 0° C. to 4° C. is four 
times that required to raise it from 0° C. to 1° C. If we 
proceed in this way with water at higher temperatures we 
shall find that the temperature of the mixture is rather 
higher than the mean of its components. Thus if we mix 
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1 lb. of water at 0° C. with 1 lb. at 80° C. the temperature of 
the mixture will be about 40*14° C; from which we infer that 
the amount of heat required to raise a pound of water 1° C. 
when at a high temperature is rather greater than that 
required to raise it 1° C. at a low temperature. If, however, 
the temperature of the water be not high, we may say that 
the amount of heat required to raise the temperature of 
a pound of water through N°C. is N times the amount 
required to raise the same quantity of water from 0°C. 
to 1°C. 

34. As stated in Art. 30, the expression of any physical 
quantity consists of two factors, one of which is the unit in 
terms of which it is measured, and of the same nature as 
the quantity considered, while the other is a pure number 
shewing how many times the quantity contains this unit, 
and is called the measure of the quantity. 

Hence in order to express the magnitude of any physical 
quantity we must fix upon an invariable unit of its own 
kind. 

Def. The unit of heat is the amount of heat required to 
raise the temperature of 1 lb. of water from 0° C. to 1° G. 
This quantity of heat is sometimes called a calorie. 

In nearly all formulas pertaining to Physical quantities 
it is the measures alone which are represented by symbols, 
the units 'being either supposed to be understood or else 
expressed in words. Hence these symbols may be treated 
as pure numbers. Since, however, the measures of quantities 
change when the units are filtered, in order that an equation 
may be true independently of the particular units adopted, 
the quantities represented on the two sides of an equation 
must be of the same nature. 

35. Def. The specific heat of a substance at any tem- 
perature is the ratio of the amount of heat required to raise 
the temperature of any mass of the substance 1°C. from the 
given temperature, to the amount of heat required to raise the 
temperature of an equal mass of waterfront 0° C. to 1° C. 

From this definition it will be seen that the specific heat 
of a substance at any temperature is equal to the number of 
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unite of heat required to raise the temperature of one pound 
of the substance 1° C. from that temperature. 

The number of units of heat required to raise the tempera- 
ture of a body 1° C. is called its capacity for heat. 

36. From these definitions it will be seen that the 
specific heat of a body depends only on the kind of matter 
of which it is composed and the physical conditions under 
which it is placed, while ijhe capacity for heat of a body is 
proportional to the amount of matter it contains. The fact 
that equal volumes of different metals have different capa- 
cities for heat may be shewn experimen- Fio. 6. 
tally by heating a number of equal spheri- 
cal balls of different metals, say copper, 
iron, tin, zinc, lead, and bismuth, to 100°G, 
and then laying them on a thin cake of 
wax. The copper ball will quickly melt 
its way through the wax and be followed i / 1 * * 
almost immediately by the iron ball, the 
copper preceding the iron because, though 
its specific heat is only '095 while that ^ 
of iron is \L13 (per unit of mass), yet the 
density of the copper is greater than that 
of the iron, and the copper also more 
readily allows of the passage of heat from 
its interior. Shortly after the iron, the . 
zinc ball, whose specific heat is '0955, will <= 



fall, while the lead, whose specific neat is '03, and the tin, 
whose specific heat is # 056, will perhaps be unable to melt 
their way through, and the bismuth ball, whose specific heat 
is nearly the same as that of lead but whose density is much 
less, w}ll only make a comparatively shallow impression in 
the wax. 

37. Referring to the properties of water mentioned in 
Art. 33, it will be seen that the specific heat of water is 
nearly unity, if its temperature be not much above 0°C, 
but at higher temperatures its specific heat is rather greater 
than unity. It continues to increase with the temperature. 
(Art. 52.) 
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38. The operation of measuring quantities of heat is 
called Calorimetry; and an instrument adapted to this pur- 
pose is called a Calorimeter. 

The process of determining the specific heat of a sub- 
stance, consists in finding the amount of heat required to 
produce a given change of temperature in a known mass 
of the substance, and is therefore an operation in Calori- 
metry. We shall now describe some of the methods usually 
adopted for measuring quantities of heat. 

The Method of Mixture. 

39. An illustration of this method has already been 
given, when we shewed how to prove experimentally, that the 
amount of heat required to raise the temperature of a pound 
of water from 1°C. to 2°C. was equal to the amount required 
to raise an equal mass of water from 0°C. to 1°C. It consists 
essentially in mixing together known quantities of two sub- 
stances at different temperatures, the specific heat of one 
of which is known, and determining the temperature of 
the mixture. In most cases water is taken as the substance 
whose specific heat is known ; the other substance may be 
a liquid or a solid, but it must not act chemically on the 
water. The method will be best understood by taking 
another example. 

40. Suppose we wish to determine the specific heat of 
copper. We weigh oilt a convenient quantity, say 500 
grains, of copper and suspend it, by a fine thread, in the 
steam above the surface of water boiling in a vessel almost 
closed, but allowing sufficient means of egress for the steam 
to prevent its pressure becoming sensibly greater than that 
of the atmosphere. If the barometer stand at 30 inches, the 
copper will after some time have acquired a temperature of 
about 100° C. While the copper is being heated we weigh 
out carefully a quantity of distilled water, say 1000 grains. 
This is placed in a vessel whose capacity for heat is small, 
and after the vessel and water have acquired the same 
temperature, this temperature is very carefully observed. 
Suppose it to be 12° C. The copper is now removed from 
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its hot bath and plunged as quickly as possible into the cold 
water, where it is moved up and down by means of its 
suspension thread, until thermal equilibrium between it and 
the water is attained. (It is important that this process 
should require as short a time as possible, and to this end 
the copper should not have a very small surface. A coil of 
copper wire answers the purpose very well.) The temperature 
of the water is then again carefully observed ; and the time 
elapsing between the immersion of the copper and the ob- 
servation of this temperature should also be noticed. Suppose 
the temperature to be 15*7° C. The ratio of the mass of the 
copper to that of the water in the calorimeter should, if 
possible, be so arranged that the temperature of the air in 
the room is intermediate between the first and last observed 
temperatures in the calorimeter, and somewhat nearer to the 
latter than the former. This can be insured if the specific 
heat of copper be known approximately. The loss of heat 
by radiation and conduction from the instrument will then 
be corrected by a nearly equivalent gain, but in extremely 
accurate measurements this must be determined and allowed 
for. This condition would be fulfilled in the case we are 
considering, if the temperature of the air in the room were 
between 14°C. and 15°C., or even somewhat higher. Now if 
we neglect the capacity for heat of the vessel containing the 
water, we have sufficient data to obtain a rough approximation 
to the specific heat of copper. The number of degrees of 
temperature lost by the 500 grains of copper is 100 — 15*7 or 
84*3, and the heat leaving the copper serves to heat 1000 grains 
of water 3*7° C, and would therefore heat 500 grains of water 
7*4° C. The mean specific heat of copper between the tem- 
peratures 15-7° C. and 100° C. is therefore ^ = '0877... 

41. The result just obtained is, obviously, too small, 
because we have neglected the heat taken up by the vessel 
containing the water, when the temperature of the latter is 
raised. In order to determine this approximately, we may 
refill the vessel with cold water, and after allowing it to stand 
for a considerable time, observe its temperature. Suppose 
it again to be 12° C. Now empty the vessel as thoroughly 
as possible, and place in it 1000 grains of water at say 15°C, 
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this temperature being accurately observed before pouring 
the water into the vessel. After this has stood for some 
time, say rather less than the time above referred to, let the 
temperature be again observed. Suppose it to be 14 , 77° C. 
Now the amount of water at 12° C, which must be mixed 
with 1000 grains at 15° C, to reduce the whole to 14-77* G, 
is about 83 grains. The presence of the vessel then is 
equivalent to increasing the amount of water from 1000 to 
1083 grains. Making allowance for this, we see from the 
results just obtained, that the amount of heat required to 
raise the temperature of 500 grains of popper 84*3 degrees, 
will raise 1083 grains of water 3*7 degrees ; and will there- 
fore raise the temperature of 500 grains of water 



( 



37 x 1083\° 

500 J °- 



The mean specific heat of copper between 15'7°C. and 100°C. 
is therefore 

37 x 1083 _ 

500 x 84-3 - uyo '" 

This result is very nearly correct. 

As another example of this method the student may take 
the following : — 

1000 grains of mercury at 100° ft are mixed with 1000 
grains of water at 15° ft contained in a vessel, which, on 
account of its capacity for heat, is equivalent to an increase 
of 100 grains in th$ quantity of water within it The result- 
ing temperature is 17*5° ft Find the specific heat of mercury. 

Ans. -033. 

42. Notwithstanding the precautions we have mentioned 
and the corrections we have applied, there are still some 
sources of error incidental to the above method which con- 
tinue to vitiate our results. Two notable sources of error are, 
(1) the condensed steam which clings to the substance and 
is conveyed with it iiito the calorimeter, thus increasing the 
apparent value of the specific heat, and (2) the loss of heat 
while passing from the heater into the calorimeter. Both 
the sources of error are eliminated in the following method, 
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which will be found to give tolerably accurate results. The 
apparatus is represented in figure 7. The calorimeter, C, is a 




cylindrical vessel made of thin copper and polished or electro- 
plated on the outside in order to diminish radiation from the 
surface. This is suspended by silk strings within a second 
copper vessel, D, which is polished or plated on the inside 
so as to reflect any radiation it may receive from the calo- 
rimeter. This vessel is closed by a lid having in its centre 
a hole sufficiently large to allow the body whose specific heat 
is to be measured to pass through it into the calorimeter. 
By this means the loss of heat from the calorimeter is re- 
duced to a minimum, while the temperature of the copper 
vessel, O, never differs sensibly from that of the water within 
it, and the heat absorbed by it can therefore be accurately 
determined and added to that absorbed by the water within 
it. The heater, which is a modification of that of Regnanlt, 
consists of a thin copper tube AB, surrounded by a large 
tube EF, the space between them being closed at the top 
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and bottom but communicating at E with a steam boiler, 
while at F there is a tube for the escape of the steam. The 
whole apparatus rests upon a board, and is capable of turn- 
ing about the vertical pillar GH> which serves as a guide, 
when it is required to bring the opening of the tube verti- 
cally over the hole K in the board in order to drop the 
substance into the calorimeter. For this purpose the latter 
is quickly brought under the hole K and removed again as 
soon as possible, the board in the meanwhile serving to 
screen the calorimeter from radiation from the steam-jacket. 
The tube AB is open at the bottom, the board itself serv- 
ing to close it except when it is brought over the hole K, 
but the top is closed by a cork through which passes a ther- 
mometer, T y and a glass tube of very fine bore which admits 
the passage of a fine silk thread by which the body, P, to be 
heated is suspended. After the steam has been turned on 
it should be allowed to blow through the steam-jacket for 
some time after the thermometer has become perfectly steady, 
in order to ensure the body P having the same temperature 
as the thermometer throughout its substance. The tempe- 
rature of the water in C having been observed, the calo- 
rimeter is quickly brought beneath the hole K, while the 
tube AB is brought over it and the body P lowered into the 
water by means of the thread. The calorimeter is then 
removed and the measurement completed as in the case 
above described. 



The Method of Fusion. 

43. If we mix together 1 lb. of water at 79° C. with 1 lb. 
of water at 0° C, we obtain 2 lbs. of water at very nearly 
39*5° C. If, however, we mix together 1 lb. of water at 79°C. 
with 1 lb. of ice at 0° C, we obtain 2 lbs. of water at 0° C. 
From this we see that in order to melt 1 lb. of ice at 0° C. 
without changing its temperature, we require as much heat as 
would raise 1 lb* of water 79° C, in other words, we require 
79 units of heat. This number, 79, is called the latent heat 
of water, or the latent heat of fusion of ice, and will be more 
fully discussed in a subsequent chapter; it is introduced 
here because this property of ice is made the basis of the 
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cons tract ion of several instruments for measuring quantities 
of heat, known as ice calorimeters, two of which we shall 
now describe. We must so far trespass upon the matter of 
subsequent chapters as to state, that while pure ice is melt- 
ing under ordinary pressure, the temperature of the ice and 
water remains accurately at 0° C. till the whole of the ice is 
melted, a fact of which we have already availed ourselves in 
determining the freezing-point. 

44. The calorimeter of Laplace and Lavoisier consists 
of three vessels. The inner vessel A is pa 
formed of thin copper and contains the " ' °* ' 
heated body. This is placed in the in- 
terior of a larger vessel, B, which forms 
the calorimeter proper, the space be- 
tween them beiug filled with broken ice, 
and this again is placed within a still 
larger vessel, also packed with broken 
ice to prevent absorption of heat from 
surrounding bodies by the calorimeter 
proper. A small pipe passes through 
the outer vessel from the bottom of the 
calorimeter proper, and serves to convey 
the water from B into a vessel placed for its reception. 
Now since B is surrounded by ice at 0° C. the ice within it 
can only melt by taking up the heat which passes from the 
body in A, and since 1 lb. of ice requires 79 units of heat to 
melt it, we can determine the amount of heat which leaves 
the body in A, by weighing the water which falls into 
the vessel D. The body in A is of course finally reduced 
to tKe temperature of the ice in B, that is, to C. The 
pipe F simply conveys away the waste water from the ice 
jacket produced by the heat absorbed from surrounding 
bodies. 

45. Suppose the body in A to be 500 grains of copper 
originally at 100° C, and suppose that the flow of water from 
B ceases when 60 grains nave escaped. We know that 
the temperature of the copper is then 0° C. Now the heat 
required to convert 60 grains of ice at 0°C. into water at 
the same temperature, would raise 79 x 60 grains, or 4740 
grains, of water 1* C. Hence the heat lost by 500 grains of 
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copper in cooling from 100° C. to 0°C. would raise 4740 
grains of water 1°C. The mean specific heat of copper 

4740 
between 0°C. and 100° C. is therefore * " =0948, 

500 x 100 

46. The action of Bunsen's Calorimeter depends on the 
fact that ice contracts considerably when, melting, and the 
water continues to diminish in volume as its temperature 
increases between 0°C. and 4°C. It consists of a vessel 
A containing water, into the upper part of R 9 

which a test-tube B is sealed, and the 
whole vessel is thus closed except for the 
fine tube C, which is graduated, and, to- 
gether with the lower part of A, filled with 
mercury. When the instrument is to be m 

used it is immersed in melting snow or w 

ice till the temperature of the water has 
fallen to 0° C. when a quantity of alcohol 
cooled considerably below the freezing- 
point, by a mixture of ice and salt, is 
poured into the test-tube which causes a layer of ice to be 
formed around the tube while the mercury is forced along 
the tube G on account of the expansion of the water in 
freezing. Sometimes ether is placed in the test-tube and a 
current of cold air blown through it which causes evaporation 
to take place so rapidly that the temperature falls below 
the freezing-point. The alcohol or ether is then removed, 
and cold water is placed in the test-tube, and when it has 
attained a temperature of 0° C, as indicated by the surface 
of the mercury in the tube G becoming stationary-, the 
position of the surface in G is observed. The body whose 
capacity for heat is to be measured, having been heated to 
100° C. in steam, is now placed in the test-tube B. This 
heats the water in B, which in its turn communicates the 
heat to that in A, thus melting some of the ice and causing 
the surface of the mercury in C to move. The decrease in 
the volume of the contents of A is measured by the move- 
ment of the mercury in C, and thus the amount of ice melted 
in A can be found. Also no heat can have entered A except 
from the test-tube since it is surrounded by melting snow, 
and nearly all the heat lost by the body in B will enter A, 
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for most of the water in B being at 0° C, since water con- 
tracts in volume as its temperature rises from 0°C. to 4°C, 
that warmecrTby the hot body is heavier than the rest, and 
does not rise to the surface. The amount of ice melted in A 
therefore enables us to measure the heat lost by the body 
in B in cooling from 100° C. to 0°C. Several measurements 
can be made with the instrument without, again freezing the 
water which surrounds the tube. ' 

47. An improved method of employing Bunsen's Calo- 
rimeter has recently been suggested. Instead of employing 
a long tube calibrated throughout its length, the tube G is 
bent over and the end rounded off while the bore is made to 
terminate in a very fine aperture. The end of the tube, 
which is completely filled with mercury, is made to dip into 
a small cup of mercury which is weighed before and after each 
experiment, and as the ice melts more mercury enters the 
calorimeter through the aperture at the end of the tube. 
The amount of mercury thus entering is determined by the 
loss of weight of the cup of mercury. 

48. Other forms of calorimeters have been employed for 
the measurement of the specific heats of gases and liquids. 
The most perfect are those devised by Regnault. In order 
to determine the specific heat of a gas at constant pressure, 
he made a known quantity pass from a holder through a 
metal "worm" which was immersed in heated oil. In this 
it acquired the temperature of the oil, and thence it passed 
through a complicated metal vessel immersed in the water of 
the calorimeter. Here it acquired the same temperature as 
the water, while the temperature of the latter was gradually 
raised. The temperature of the water being observed at 
the commencement and close of the experiment, after making 
proper correction for the capacity of the apparatus, the num- 
ber of units of heat given .up by the gas to the calorimeter 
could be found. Now all the gas was heated to the tempe- 
ratuite of the oil, while the temperature to which it was 
cooled in the calorimeter was variable. Since however the 
temperature of the calorimeter must have increased almost 
unifotmly, the result is the same as if the whole of the gas 
had been Pooled to the temperature which is the arithmetical 
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mean of the initial and final temperatures of the calorimeter. 
Knowing the mass of the gas, we have now sufficient data 
for the calculation of its specific heat. 

49. The principal peculiarity of Regnault's calorimeter 
for liquids is the artifice for preventing loss of heat by the 
liquid, on account of exposure in passing from the bath in 
which it is heated to the calorimeter. This consists in forcing 
the liquid by means of atmospheric pressure, from the vessel 
in which it is heated, and which is immersed in a hot bath, 
through a tube into a vessel immersed in the water of the 
calorimeter, the latter instrument being prevented from re- 
ceiving heat directly from the hot bath, to which it is 
placed very close, by means of a screen. 

50. We may observe that in the case of substances 
which, like water, are known in the solid, liquid and gaseous 
states, the specific heat of the liquid is greater than that of 
either the solid or the gas, provided the volume of the gas be 
unchanged. 

51. The following table gives the specific heat of some 
well-known substances. The numbers given of course repre- 
sent the mean specific heats of the various bodies between 
certain limits of temperature employed in the experiments. 
These temperatures are given in the third column. 



Table of Specific Heats of Metals, &c. 

(Regnault.) 









Centigrade. 


Bismuth 


. . • 


•03084 


98"— 13» 


Lead ... 


... 


03140 


98"— .15" 


Platinum 


«• . . 


•03243 


99°— 12* 


Gold ... 


»• • 


•03244 


98°— 12° 


Mercury 


• . . 


•03332 


98"— 12» 


Antimony 


•• » • 


•05077 


97°— 12* 


Tin 


• • • 


. -05623 


99»_ 12° 


Silver 


... 


•05701 


S9°— 13° 


Copper 


... 


•09515 


98°— 15* 


Zinc 


... 


•09555 


99°— 14° 
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Centigrade. 

Iron -11380 98°— 17* 

Sulphur (native) ... -17760 99°— 14° 

(recently melted) '20259 98°— 14° 

Phosphorus '18870 30°— 10° 

Graphite -20083 98°— 12° 

Aluminium -21430 97°— 14° 

Magnesium -24990 98°— 23° 

Lithium -94080 100°— 27° 

Brass -09391 98°— 12° 

Glass -18768 99°— 14° 

Table of Specific Heats of Liquids. 

Centigrade. 

Bromine -107 45°— 11° 

Sulphuric Acid -343 46°— 21* 

Ether -503 * 

Alcohol -615 43°— 23° 

Specific Heats of Gases. (Regnault.) 

Air -2374 Sulphurous Anhydride '1544 

Oxygen -2175 Carbonic Anhydride -2163 

Nitrogen -2438 Carbonic Oxide -2450 

Hydrogen 3*4090 Nitrous Oxide -2438 

Chlorine -1210 Steam -4805 

52. As a general rule the specific heats of liquids, as 
stated in Art. 50, are greater than those of either gases or 
solids, and the specific heat increases with the temperature. 
Thus the specific heat of water at 0° C. being taken as unity 
its specific heat at 50° C. is 10042; at 100° C, 1013 ; and 
at 200° O, 1044. The specific heat of ice at temperatures 
near the freezing-point is about -504. 

53. The methods described in this chapter only enable 
us to measure quantities of heat which pass from one body 
to another, the receiving body being the water, or ice, of 
the calorimeter; they will not enable us to form any idea 
of the whole amount of heat contained in a body, because 
we cannot get the whole of the heat to pass out of any body 

o. 3 
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into another, and if we could the amount would depend 
upon the manner in which the heat is abstracted, whether, 
for instance, the body is allowed to expand and do work, or 
whether it contracts and has work done upon it by some 
agent external to itself. Consequently if we speak of the 
whole amount of heat contained in a body, we use a phrase 
to which we can assign no meaning, and, as the student 
will learn after studying the effect of heat upon gases, the 
amount of heat required by a body to cause it to pass from 
one given temperature to another, frequently varies consider- 
ably with the conditions as to pressure, &c. to which it is 
subject, and is not a definite quantity unless these conditioDs 
be specified, though its variations are usually extremely 
small in such cases of liquids and solids as we have generally 
to deal with. It was on account of these considerations, 
that in first introducing heat as a measurable quantity, we 
did not say that the whole amount of heat contained in 
two pounds of water at 1° C, was equal to twice the amount 
contained in one pound at the same temperature, but spoke 
of the amount of heat required to raise different quantities 
of water from 1° C. to 2° C. under given conditions. Since, 
in the cases of water and most other liquids and solids, the 
amount of heat required to produce a given change of tem- 
perature varies very slightly with ordinary variations of 
external circumstances, the words in italics are generally 
omitted, but this statement will not apply to gases. 



CHAPTER III. 



SOURCES OF HEAT. 



54. We have seen that one effect of heat upon bodies 
is, in general, to increase their temperature, and in Chap- 
ter I. we have seen how to measure temperature in degrees 
of an arbitrary scale, while in the last Chapter we discussed 
the measurement of quantities of heat We must now briefly 
enumerate the most frequent sources of heat with which we 
are acquainted, and then consider the effects of heat upon 
bodies. 

55. The principal sources of heat are, 

(I) Radiant energy. 

(II) Chemical action {including combustion). 

(III) Mechanical sources, such as the energy of a me- 
chanical system converted into heat by doing work against 
friction, viscosity, pressure (as in cases of impact), &c, or by 
otherwise producing any change in the form or volume of 
an imperfectly elastic body. 

(IV) Electric currents, including those currents which 
are of very short duration, and which are more generally 
known as electric discharges, such as lightning flashes. 

(V) Change of state, such as the condensation of va- 
pours, solidification of liquids, crystallization, or the passage 
from one crystalline form to another, 

(VI) The internal heat of the earth differs from the pre- 
ceding sources, inasmuch as the heat exists in the earth as 
heat before it comes under our notice, and is therefore not a 

3—2 



36 SOURCES OF HEAT. 

source from whioh heat is produced, but simply a store from 
which it is derived. Volcanic heat has been applied to com- 
mercial purposes in the preparation of borax. 

56. (I) Of the above sources of heat the radiation from 
the sun is by far the most important. Radiant energy pro- 
duces different effects according to the nature of the body 
which receives it. If it fall upon sensitised photographic 
paper or plates it decomposes the silver salt ; if it fall upon 
our eyes it in some cases produces the sensation of light; 
but by far the most common effect is the production of heat, 
an effect of which we are at once conscious if we stand in 
the sunshine or in front of a fire. The nature and laws of 
radiation will be discussed more at length hereafter. 

57. (II) Chemical action is generally accompanied by 
the production or the absorption of heat. When light is 
also produced the action is frequently called combustioa 
The amount of heat produced depends only on the quan- 
tities, character, and conditions of the reagents at the begin- 
ning and end of the operation, if no energy is abstracted 
from or given to the substances by other systems. Thus a 
certain amount of heat will be produced by the combustion 
of two pounds of hydrogen in oxygen, forming 18 pounds of 
water, and if 39 pounds of potassium be brought into con- 
tact with the water so formed, one pound of hydrogen will be 
liberated and 56 pounds of caustic potash will be produced, 
while a certain additional amount of heat will be generated, 
but the whole quantity of heat produced in the two opera- 
tions is the same as if 39 pounds of potassium and one 
pound of hydrogen had been allowed to combine directly 
with 16 pounds of oxygen and with each other. But while 
the whole amount of heat which can be obtained from any 
chemical action when the acting substances are cooled down 
to their original temperature depends only on the quantity 
of the substances combining and on the character of the 
action, the temperature produced depends upon the initial 
temperatures of the substances and on the capacity for heat 
of the products among which the heat is distributed. For 
example, if hydrogen burn in air, the heat generated is divi- 
ded between the aqueous vapour produced and the nitrogen 
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of the air, but if it burn in pure oxygen the whole of the 
heat is at first confined to the aqueous vapour produced, and 
hence the oxy-hydrogen flame is capable of readily fusing 
Platinum and of producing a much higher temperature than 
can be produced by hydrogen burning in air. 

58. The influence of the initial temperature of the com- 
bining substances on the temperature produced is seen in 
the effects of the hot blast as applied to blow-pipes, and 
blast furnaces, and to the Siemens furnace. In the last- 
mentioned furnace the products of combustion are conducted 
into a chamber partly filled with fire bricks, between which 
they have to pass before escaping up the shaft, and in this 
manner the bricks are heated to redness. The draught is 
then turned aside into a second similar chamber while the 
air supplied to the furnace is made to pass through the 
heated chamber, and when the second chamber has become 
sufficiently heated the draught is again reversed so that all 
the air supplied to the furnace is raised to a high tempera- 
ture without employing any other than the waste heat of 
the furnace itself. This furnace has been employed in the 
manufacture of steel by the Siemens-Martin process, which 
consists in fusing wrought iron with such a quantity of 
cast iron as shall provide the requisite amount of carbon for 
the steel. 

In order to cause two substances to burn together it is 
generally necessary to raise them above a certain tempera- 
ture. If the temperature produced by their combination be 
sufficiently high to inflame them, combustion will continue, 
but otherwise it will cease. The temperature produced by 
ammonia gas burning in air is insufficient to ignite it, so 
that the combustion cannot be maintained without an ex- 
ternal supply of heat, but in pure oxygen ammonia will 
continue to burn. The heat of animals is due to the com- 
bination of their food with the oxygen of the air. 

59. Many calorimeters have been devised for the pur- 
pose of measuring the heat produced by chemical action, 
especially by the combustion of different fuels, in which case 
the measurement is of considerable commercial importance. 
In most of these instruments the products of combustion are 
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made to pass through a long pipe immersed in water in the 
calorimeter and the change of temperature of the water is 
observed. The heating effect of a fuel may be expressed by 
the number of units of heat produced by the combustion of 
a pound of the fuel. It is, however, frequently stated in 
terms of the number of pounds of water at 100° C. which 
can be converted into steam at the same temperature by the 
combustion of one pound of the fuel, and, as will be stated 
more fully hereafter, to convert a pound of water at 100° C. 
into steam at the same temperature, requires as much heat 
as would raise the temperature of about 536 pounds of water 
from 0° C. to 1° C. 

60. The amounts of heat developed by the combustion 
in oxygen of one pound of some substances are given in the 
following table. 



Heat of Combustion in Oxygen. 



Substance. 



Hydrogen 

Wood charcoal 

Sulphur 

Phosphorus 

Zinc 

Iron 

Copper 

Carbonic oxide 

Marsh gas 

Ethylic alcohol 

Welsh coal 
Newcastle coal 
Derbyshire coal 
Wood (dried in air) 



Units of heat 
evolved. 



33808 

34462 

7900 

8080 

2307 

5747 

1301 

1576 

603 

2403 

2431 

13108 

6850 

7184 

about 8241 

8220 

7733 

3547 



{ 
{ 



99 



Observer. 



*> 



Andrews 

Favre and Silbermann 

Andrews 

Favre and Silbermann 

Andrews 

99 

» 

99 

Favre and Silbermann 
Andrews 

Favre and Silbermann 
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From this table it will be seen that the heat developed 
by the combustion of one pound of coal is capable of con- 
verting between 14 and 15 pounds of water at 100° C. into 
steam at the same temperature. 

61. (Ill) Of the mechanical sources of heat friction is 
perhaps the best known. A very common experiment con- 
sists in making a button hot by rubbing it against a form, 
and it is no rare occurrence for a railway axle to become red- 
hot through the supply of grease becoming exhausted or 
otherwise failing in its duty. The bearings of the rollers 
employed in rolling bar iron, and which are subject to very 
great pressure, are kept cool by a stream of water continually 
running over them, and this also serves to lubricate the sur- 
faces. Most persons have observed the sparks which fly from 
beneath the wheels of a break-van when the break is ap- 
plied so as to prevent their rotation. If a small brass tube 
be filled with water and corked, and be then made to rotate 
rapidly while it is squeezed between two pieces of wood, the 
heat caused by the friction will soon cause the water to boil, 
and to violently eject the cork. Count Rumford raised the 
temperature of 1877 pounds of water besides a large quan- 
tity of metal from 15° C. to 100° C. in 2 J hours by means of 
the friction of a blunt borer in a gunmetal cylinder. (See 
Chapter XL) If a piece of tin be bent in opposite di- 
rections in rapid succession a crackling noise is heard, and 
a great amount of heat generated. 

62. Heat is developed when work is done by compress- 
ing a substance, whether the pressure act for a long time or 
for an exceedingly short time, though in the former case the 
heat, having a long time in which to escape, does not always 
make itself manifest. A few blows with a hammer will 
raise the temperature of a piece of lead very considerably, 
and a dexterous smith may heat a small piece of iron to 
redness by hammering it. The splinters which fly from a 
flint when struck by a piece of hard steel are often at a 
white heat. The impact of a chilled iron shot on an iron 
target produces a great amount of heat together with a 
bright flash of light If air contained in a cylinder be sud- 
denly compressed by the descent of a piston, it may be 
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readily heated sufficiently to ignite German tinder, or the 
vapour of bis ulph ide of carbon, previously introduced into 
the cylinder. When a drop of bisulphide of carbon has been 
introduced, the sudden compression of the air is accom- 
panied by a bright flash of light. 

63. That heat is developed when work is done against 
the resistance of a body to torsion is readily shewn by the 
following experiment. A brass tube four or five inches in 
length and about fths of an inch in diameter is soldered at 
both ends to cross-pieces, one of which is drilled through so 
that the bulb of a thermometer may be inserted into the 
tube. One of the cross-pieces being fixed in a vice, the 
other is rapidly turned through a few degrees in opposite 
directions successively. The heat generated in continually 
reversing the torsional strain produces in a few minutes a 
very appreciable rise of temperature in the brass tube, which 
is rendered apparent on the insertion of the thermometer. 

The heating effect of a direct shearing strain is conspi- 
cuous in the punching of holes in boiler, or other, plates, and 
in the shearing of iron bars. Generally the newly sheared 
surfaces are far too hot to be touched by the hands. 

64. There are a few bodies which contract when heated, 
and expand on cooling. Such bodies become heated when 
caused to expand by an external agent, and heat is absorbed 
by them on contracting. A piece of stretched India-rubber 
when heated contracts in the direction of its tension. This 
may be easily shewn by suspending a weight by means of 
an India-rubber tube, a small piece of glass or metal tube 
being inserted at each end in order that a string may be 
attached without closing the tube. If a current of steam 
be blown through, the India-rubber will contract, thus 
raising the weight, and will expand again as the tube cools. 
If a piece of India-rubber be suddenly stretched and applied 
to the face of a thermo-pile* heat will be at once indicated, 
while if the rubber be allowed to contract, exerting tension 
all the time, the face of the thermo-pile in contact with it 
will be cooled. 

* See Chapter YIL 
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Whenever a body expands on being heated, heat wiU be 
generated if it is compressed by an external agent, but if 
the body contract when heated, heat will be generated by 
forcibly causing it to expand. 

65. Whenever work is done or energy lost by a me- 
chanical system and there is no form of energy other than 
heat into which it can be converted, the whole of the work 
so done or energy so lost has its equivalent in heat generated 
in the system. This is true whether the bodies we are deal- 
ing with are large or molecular, so that we may expect heat 
to be generated whenever a state of strain in any body is 
relieved. 

66. (IV) Whenever an electric current is sent through 
any resistance heat is produced. Dr Joule has shewn that 
the heat produced is proportional to the product of the 
resistance and the square of the current. If a strong cur- 
rent be sent through a wire of considerable resistance, but 
whose capacity for heat is very small, the temperature of the 
wire will be very much raised, and it is easy in this way to 
fuse a few inches of fine Platinum wire by the current from 
two or three Grove's cells. A current may be produced by 
causing a coil of wire to rotate between the poles of a 
magnet, and when the ends of the coil are connected together 
without the introduction of any fine wire, the whole of the 
heat is generated in the coil itself. When a Grove's, or 
Bichromate, battery has its poles connected by a short thick 
copper wire a great current is produced, and a quantity of 
heat proportional to the square of the current, but nearly 
the whole of this heat is produced in the cell itself. When 
a piece of brass or copper is made to spin between the poles 
of a powerful magnet great resistance to the motion is ex- 
perienced, and heat is generated on account of electric 
currents induced in the metal. If iron be employed instead 
of brass, or copper, the iron becomes magnetised first in one 
direction and then in another, and the successive reversal 
of the magnetization adds to the heating effect. If a 
strongly charged Leyden battery be discharged through a 
fine metallic wire stretched on a card, say a foot of wire 
*002 inch in diameter, the wire will be dissipated, forming 
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a beautiful streak on the card, with here and there a 
system of dark lines radiating from a point which looks 
like a centre of explosion. If the wire be covered with silk 
the latter will remain intact though the wire is dissipated 
between the threads. 

67. (V) Whenever heat is consumed during any trans- 
formation, as when a body passes from the solid to the 
liquid state, heat will be produced when the transformation 
takes place in the opposite direction. Thus heat is given 
out by water in freezing, and if 100 grains of steam at 
100°C. be passed into 536 grains of water at 0°C, we obtain 
636 grains of water at 100°, so that the steam raises the 
temperature of the water by the heat it emits in condensa- 
tion without changing its own temperature. 

Certain saline solutions, such as a solution of sodic 
sulphate, if saturated at a high temperature and allowed to 
cool in a closed vessel, or in a flask whose neck is plugged with 
cotton wool, can be reduced to the ordinary temperature, with- 
out crystallization taking place in the same way as it would if 
the solution were exposed. On introducing into the solution 
when cold certain substances, some of which are always to 
be found in the air, but the nature of which has not yet 
been clearly made out, a mass of crystals is produced ex- 
tending throughout the solution, and the temperature rises 
very considerably. In fact, the " super-saturated solution," as 
it is called, is in a state of strain, and this strain is suddenly 
relieved when crystallization takes place, the work done by 
the crystallizing forces being represented by the heat gene- 
rated. Water which has been freed from air by long boiling 
may be cooled considerably below the freezing point without 
congelation, but on being disturbed a net-work of ice crystals 
is formed throughout the water and heat is produced (equi- 
valent to the latent heat of the water which freezes), while 
the temperature is raised to 0°C. 

Iodide of mercury, if heated, assumes a new crystalline 
form, and changes its colour from red to yellow. It retains this 
form when cold if it be not subjected to mechanical violence, 
but on crushing the crystals they change to the red variety 
with evolution of heat, and. the change spreads gradually 
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throughout the whole mass. Boiling sulphur poured into 
cold water assumes a plastic form, and can be stretched like 
india-rubber. This material gradually changes to an opaque 
crystalline mass, and heat is evolved during the transforma- 
tion. Sometimes the formation of each crystal in a hot 
saturated solution of salts is accompanied by a flash of light. 

68. If we trace back any supply of heat as far as 
possible we find that, if we neglect such unimportant sources 
as meteors, we always arrive either at the internal heat of 
the earth, the earth's motion of rotation converted into heat by 
the intervention of the tides and machinery driven by them, or 
the radiation from the great centre of our system, the sun. 
Take for example the heat generated in a wire, through which 
an electric current due to a zinc-carbon battery is passing. 
This heat is derived from the energy of the current, which 
is itself derived from the combination of the zinc with the 
exciting liquid; Now this energy is due to the attraction 
of the zinc for certain components of the liquid, and for the 
energy of this attraction the zinc is indebted to the heat 
which separated it in the reducing furnace from its com- 
bination with oxygen, &c. in the ore. This heat is due to 
the combustion of the coal, and therefore to the attraction 
which the coal possesses for oxygen, and for this attraction 
the coal is indebted to the energy of the solar radiation, 
which, acting through the machinery of a vegetable organ- 
ism, separated the carbon, &c. from combination with oxygen 
at the time when the trees grew from which our coal has 
been produced. 



CHAPTER IT. 



EFFECTS OF HEAT UPON MATTER. 



69. Bodies may be divided into two classes, solids and 
fluids. 

Def. . A solid is a body which requires a finite stress to 
produce a finite change in its form with or without change of 
volume. 

Def. A perfect fluid is a body whose form can be changed 
to any extent, provided its volume remain constant, by the 
application of a stress, however small, if we allow it sufficient 
time. 

One solid is said to be more rigid than another, when, 
other things being the same, it requires a greater stress to 
produce in it the same change of form. A solid would be 
perfectly rigid if no finite stress, however great, could produce 
any change whatever in its form or volume. We know of 
no body perfectly rigid or perfectly fluid. 

As illustrations we may refer to a piece of hard steel, 
which requires a very great force to produce a permanent 
impression upon it; while its own weight is sufficient to 
make any quantity of water acquire the form of the vessel 
into which it is poured. 

A body is said to be elastic when if strained it tends 
to return to its original form or volume after the constraint 
has been removed. Fluids are elastic for changes of volume 
only, and have no tendency to assume any particular shape. 
(The spheroidal form assumed by drops of liquid is due to the 
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combined action of gravity and a tension of the surface of 
the liquid known as surface tension to which reference has 
already been made in describing maximum and minimum 
thermometers. Capillary action is due to the same cause.) 

There are many substances which occupy a kind of inter- 
mediate position between solids and liquids, as, for example, 
many vegetable gums, &c, and are called viscous. 

70. Fluids are divided into two classes, viz. liquids and 
gases. 

Def. A liquid is a fluid, a finite portion of which cannot 
be made to occupy more than a certain definite volume 9 
however the pressure to which it is exposed may be dimin- 
ished. 

Def. A gas is a fluid, any finite portion of which may 
be made to occupy any space, however great, by sufficiently 
diminishing the pressure to which it is exposed. 

For example, if a cup of olive oil, or strong sulphuric 
acid, be placed under the receiver of an air-pump the liquid 
-will not sensibly change its volume, however perfect a 
vacuum may be formed around it ; while if a cubic inch of 
air at ordinary pressure be allowed to enter an exhausted 
receiver of any capacity, the air will expand and completely 
fill the receiver, exerting an uniform pressure all over its 
surface, as may be shewn by the same fall being produced 
in columns of mercury in manometer tubes communicating . 
with the receiver at different points. This power of indefinite 
expansion is the essential characteristic of a gas. 

71. According to the molecular theory of gases now 
generally accepted, we may' perhaps say proved, a gas con- 
sists of perfectly free particles or molecules moving in all 
directions and with different velocities but such that the 
energy due to the motion of the particles in any sensible 
mass of the gas depends only on the temperature, increasing 
with it. The motion of each particle is unaffected by any 
other particle except .when very close indeed to it, when the 
particles rebound from each other like perfectly elastic balls. 
From this view of the constitution of a gas it follows that 
any finite quantity of a gas will expand into any portion of 
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space to which it has free access. The pressure exerted by 
a gas on a surface in contact with it is due to the repeated 
impact of its particles in the same way as the pressure 
exerted by a jet of water from a fire engine is due to the 
impact of the several particles of water in the jet. The 
pressure is of course increased when the velocity is increased 
and in the case of the fire engine jet is proportional to the 
square of the velocity if the sectional area of the jet be 
given. So, in the case of gases, the pressure increases with 
the velocity of the particles, being proportional to the mean 
square of the velocity ; it therefore increases with the tem- 
perature, and as we shall learn in the next chapter, is pro- 
portional to the temperature as recorded by the air ther- 
mometer whose zero is — 273°C, 

72. We have seen that the effect of the entrance of 
heat into bodies is in general to increase their temperature, 
and this is usually accompanied by increase of volume, if the 
pressure to which they are subject be not increased so as to 
prevent it. Water between the temperatures of 0°C. and 
4° C, iodide of silver, baked clay, and one or two alloys, are, 
however, notable exceptions to this rule, since they contract 
on increase of temperature. 

Among solids the metals" as a general rule expand most 
for a given increase of temperature, but ebonite expands 
much more than any metal* 

Def. The ratio of tlw increase in length of a bar of any 
substance 9 due to an increase in its temperature of 1° C, to ihfi 
original length of the bar at 0° C. } is called the coefficient of 
linear expansion of the substance. 

Thus if the length of a bar of copper is one foot at 0°G 
and r0017 feet at 100°C, its mean coefficient of expansion 
between 0°C. and 100°C. is '000017; for if the expansion were 
uniform between 0°C. and 100°C. its length at 1°C. would 
be 1000017 feet, and the ratio of the expansion to the 
original length would then be '000017. 

73. The linear expansion of bars may be conveniently 
measured by means of the apparatus shewn in fig. 10. AB 
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is a bath of oil or water which can be heated to any required 
temperature, and the temperature Fig. 10, 

ol^erved by means of a thermo- 
meter. CD is a small bar which 
can turn about a centre at C, and 
carries a blunt knife-edge at D 
resting against the end K of the 
bar KL, whose expansion is to be 
observed. The arm CD carries 
a small mirror near C, and the distance between the 
centre of motion C and the knife-edge at D is accu- 
rately known. The end L of the bar KL rests against 
a fixed obstacle, as for instance, the end of the vessel, 
and the centre C and end of the vessel B should be 
bo supported that the distance between C and L is in- 
variable. The adjustment should be so made that during the 
experiment the mean position of the line CD is as nearly 
as possible vertical. A ray of light is allowed to fall on the 
mirror in the direction EC, which remains constant, and is 
reflected along CF, forming a spot of light on a scale con- 
veniently situated. When the bar KL is heated it expands, 
and the end K pushes D before it, since L is fixed. This 
causes the arm CD, and with it the mirror, to turn about C, 
the reflected ray CF consequently being deflected through 
twice the angle through which CD turns. This angle is 
indicated by the deflection of the spot of light on the scale, 
and hence the angle through which CD turns, and there- 
fore the distance through which D moves, or the linear 
expansion of LK, can be at once determined. 

This method is similar to that of Lavoisier, who em- 
ployed a telescope attached to the arm CD instead of the 
mirror, and through it observed a fixed scale. The mirror 
has the advantage of being much lighter than the telescope, 
and therefore more easily mounted, while it deflects the ray 
through twice the angle through which it turns. 

In order to make accurate measurements with the mirror, 
a horizontal wire should be stretched in front of the source 
of light, and a lens placed between the wire and the mirror 
so that a distinct image of the wire is thrown upon the gradu- 
ated scale. The scale should be circular, and have the mirror 
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at its centre. The motion of the image of the wire will 
then at once indicate the angle through which the mirror 
is turned. 

By causing the end B of the bar to press against a micro- 
meter screw inserted in the end of the trough we can find 
how many turns of the screw produce the same deHection as 
the expansion of the bar when heated, and thus determine 
approximately the actual expansion. 

74. To shew the expansion of metals for purposes of 
demonstration the apparatus shewn in fig. 11 is very con- 




venient, though it cannot be used for exact measurements on 
account of the extensibility of the string by which the mirror 
is moved. The mirror instead of being directly connected 
with the lever at C is carried on a separate shaft at M. The 
pivot is placed very near to the lower end A of the lever 
and to the upper end of the lever a string is attached which 
passes round a small shaft carrying the mirror and supports 
a weight at the end. In this way the angle through which 
the mirror turns is very much increased. It is important 
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that the pivot C should be rigidly fixed with respect to the 
end B of the rod, and this is ensured by the strong brackets 
shewn in the figure. The bath is supported upon pieces of 
wood fastened to the stand by hinges for the convenience of 
removing it. If the diameter of the mirror shaft at M be 
-fe in., the length of CD 3 inches, that of AC £ in., and of AB 
12 inches, then if the bar be zinc, a change of temperature of 
about 64° Centigrade will turn the reflected ray through 
180°, but if the bar be iron, the same change of temperature 
will turn the ray through only 72°, shewing that the co- 
efficients of expansion of zinc and iron are nearly as 5 : 2. 

75. The mean coefficients of linear expansion of some 
substances between 0°C. and 100° C. are given in the fol- 
lowing table. 

Table of Coefficients of Linear Expansion, 



Glass tube 


about 


•000008 


Crown glass 


j> 


•000009 


Platinum 


tt 


000009 


Cast iron 


»> 


000011 


Soft steel 


ft 


•000011 


Steel tempered yellow 
Wrought iron 
Gold 


tt 
tt 


•000013 
000012 
•000016 


Copper 
Brass 


a 
tt 


•000017 
•000019 


Silver 


a 


•000021 


Tin 


»9 


f -000022 to 
1000028 


Lead 


it 


000028 


Zinc 


M 


•000030 



The coefficients of expansion of metals vary very much 
with their physical state, so that the above table must be 
taken as only approximately true. 

76. Def. The coefficient of cubic expansion of a sub- 
stance at any temperature is the ratio of the increment of any 
volumne of the substance produced by an increase in its tem- 
perature ofVC.to the original volume at 0° C 
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Most substances, except crystals, expand equally in all 
directions when heated. Imagine a cubic block, the length 
of whose edge is 1 foot : its volume will then be 1 cubic 
foot. Now suppose that on raising its temperature 1 D C. the 
length of its edge becomes 1+a feet, so that a is its coefficient 
of linear expansion. Then its volume is 1 + 3a + 3a 2 -f a 1 
cubic feet, and the increment of its volume is 3a + 3a 2 + a 1 
cubic feet. The ratio of this to the original volume, viz. one 
cubic foot, is 3a + 3 a 8 + a 8 , which expression is therefore the 
coefficient of cubic expansion.' Now a is, in general, very 
small ; hence a 8 and (a fortiori) a 8 may be neglected in com- 
parison with a. We have then for the coefficient of cubic 
expansion 3a, or the coefficient of cubic expansion is three 
times the coefficient of linear expansion for the same sub- 
stance. 

In the case of copper a is about '000017. Hence 3a is 
about 000051, 3a 2 about '000000000867 and a 8 about 
•000000000000004913. It is obvious that both 3a 2 and a 1 
may be neglected without producing any sensible error in 
the result, each being far less than the limits of experi- 
mental error in the determination of a. 

77. The above reasoning may be illustrated as follows. 
Take a cube of wood or other material of one foot edge, and 
let this represent the unit of volume. Suppose a to be •01. 
Then a piece of pasteboard of one foot square and '01 ft. thick 
will contain a units of volume, while its thickness will be a 
units of length. Take three such plates, the sum of whose 
volumes is 3a, and apply them to the three faces of the cube 
which meet in a point. Now take three rectangular strips 
of pasteboard a foot long and '01 ft. square. The volume of 
each of these is a 2 , and the volume of the three together is 3a*. 
If these strips be laid in the grooves formed by the edges of 
the plates, there will only be required a cube of '01 inch 
side and volume a 8 in order to complete a cube of 1*01, or 
1 -h or, feet edge. The whole increment in volume of the one 
foot cube is the volume of the three plates together with that 
of the three strips and the small cube or 3a + 3a 9 + a 8 . If we 
take the coefficient of cubic expansion to be three times that 
of linear expansion, that is, take into account the plates only, 
we neglect the strips and the little cube; but even when the 

. ) 



EXPANSION OF LIQUIDS. 51 

linear expansion is so great as *01 of the original length, the 
error so introduced is very little more than one per cent. 

Before explaining the methods of measuring directly the 
cubic expansion of solids we must consider the cubic expan- 
sion of liquids, for as the volumes of irregular solids can only 
be determined from the amount of liquid which they dis- 
place, so we should expect that any changes in their volumes 
must be measured in the same way. The usefulness of 
liquids for this purpose depends on the property in virtue of 
which any quantity of a liquid can be made to assume the 
form of a regular prism or cylinder by pouring it into a ves- 
sel of that shape, and its volume can then be computed by 
measuring its linear dimensions. 

78. If a liquid be heated in a glass vessel, both the 
glass and the liquid expand. The apparent expansion of 
the liquid in the vessel is due to the difference between the 
expansion of the liquid, and that of the interior of the vessel. 
There are two methods in general use for the measurement 
of this expansion. The first consists in filling with the 
liquid the bulb and part of the stem of a thermometer tube, 
the capacity of the bulb and different parts of the length of 
the stem at some particular temperature being accurately 
known. By observing the height of the liquid in the stem 
at the first temperature, the volume of liquid at that tem- 
perature is known. The liquid is then heated, and the 
height again observed, whence the apparent increment of 
volume can be found. 

79. In the second method a specific gravity bottle is 
usually employed. This consists of a glass bottle, into which 
a stopper, having a small hole drilled through it, is accu- 
rately ground. The bottle having been weighed is com- 
pletely filled with the liquid whose expansion is to be 
measured, and whose temperature is known. The stopper 

is then inserted, when the excess of liquid escapes through * 
the perforation, and is carefully wiped away. The bottle 
and contents are then weighed, and deducting the weight 
of the bottle from the result of this weighing, we have 
the weight of the contents. The temperature of the 
Uottle and liquid is then raised, and as the liquid expands 

4— % 
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it escapes through the stopper, and is wiped off On 
again weighing the bottle we determine the amount of 
liquid which has escaped, and the ratio of this to the 
amount remaining is the ratio of the whole increment in 
volume between the two temperatures to the original 
volume, 

80. A very simple and most useful form of the specific 
gravity bottle is the weight thermometer. This consists of 
a glass tube (fig. 12) drawn out to a fine neck, which is bent 

Fig. 12. 




over so that it can be made conveniently to dip into a small 
vessel of the liquid with which it is to be filled. The tube is 
first weighed when empty, and then by alternately heating it 
so as to expel the air and cooling it with its orifice under the 
surface of the liquid, the tube is completely filled. The tube 
and its contents (care being taken that it is completely full) 
are next weighed at ordinary temperatures, then heated through 
a convenient range of temperature, the liquid which is ex- 
pelled being allowed to escape, and finally again weighed. 
We have then all the data for determining the apparent 
expansion of the liquid. 

Suppose, for example, that the weight of the empty tube 
was 120 grains, and that when filled with mercury at 0°C. 
it weighed 720 grains, but that after it had been heated to 
100° C, its weight was 710*8 grains. From these data we see 
that at 0° the tube is filled by 600 grains of mercury, while 
at 100° it holds only 590*8 grains, or, in other words, 590*8 
grains of mercury at 100° occupy the same volume of glass as 
(500 grains at 0°. Hence one grain of mercury at 100° occu- 
pies (relative to glass) kqq^ times its volume at 0° or 10157.*, 
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times its volume at 0°. The apparent expansion for an in- 
crease of temperature of 100° C. is therefore '0157 of the 
original volume, and the mean coefficient of apparent expan- 
sion between 0° C. and 100° C. is '000157. 

81. The apparent expansion of a liquid contained in any 
envelope is equal to its absolute expansion diminished by the 
increase in the capacity of the envelope, and therefore the 
coefficient of apparent expansion is equal to the coefficient of 
absolute expansion diminished by the coefficient of expansion 
of the envelope. 

Hence if we can determine the absolute expansion of 
some particular liquid, as well as its apparent expansion in a 
glass vessel due to the same change of temperature, the dif- 
ference between the two will give us the expansion of the 
vessel, and then, knowing the apparent expansions of other 
liquids in the same vessel, we shall only have to add to these 
quantities the expansion of the vessel, which we have deter- 
mined once for all, in order to obtain the absolute expansion 
of all these liquids. The determination of the absolute ex- 
pansion of some particular liquid is therefore of very great 
importance, and mercury is the liquid which has been em- 
ployed for the purpose. 

82. The method by which this has Fio. 13. 
been effected may be briefly described 
as follows : — 



1 



Two tubes AB and CD are placed 
as nearly vertical as possible, the ends 
B and G being connected by a fine tube 
which is at right angles to the vertical 
tubes and therefore in a horizontal posi- 
tion. The tubes are then nearly nlled j 
with mercury, and AB is surrounded 
with a cylinder containing oil, not shewn in the figure, and 
which can be heated to the desired temperature. The tube 
DC is surrounded by a cylinder containing melting ice. The 
heights of the cylinders are so adjusted that the mercury in 
each tube is just visible above the top of the cylinder sur- 
rounding it. When the mercury in each tube has acquired 
the temperature of the surrounding bath, the heights of the 
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columns AB and CD are carefully measured. Then since the 
mercury in the horizontal tube BC is in equilibrium, the 
pressure at B due to the column AB is equal to that at C 
due to the column CD. Hence the densities of the mercury 
in these two columns are inversely as their heights, and 
therefore the volume of a given quantity of mercury at the 
temperature of either column will be proportional to the 
height of the column. The ratio of the difference of the 
heights of the two columns to that of the shorter will there- 
fore represent the total absolute expansion of an unit of 
volume of mercury between the temperature of the ice, i.e. 
0° C, and of the oil. The coefficient of expansion for mercury 
at 0°C. is thus found to be about -000179. 

A knowledge of this coefficient is necessary to enable us 
to reduce readings of the barometer to the corresponding 
readings when the mercury in the instrument is at 0° C. 

83. Having thus obtained sufficient data for determining 
the absolute expansion of different liquids, we may determine 
the cubic expansion of a solid by weighing it in a liquid at 
different temperatures, the coefficient of absolute expansion 
of the liquid being known; and this process, called the areo- 
metric method, is not unfrequently adopted. 

In the same way we may determine the coefficient of 
expansion of a liquid, if we know the coefficient of cubic 
expansion of a solid, by weighing the solid in the liquid at 
different temperatures. Matthiessen adopted this method for 
determining the coefficient of expansion of water at different 
temperatures, and some of his results are given in Art. 87. 
He first carefully measured the coefficient of linear expansion 
of a glass rod, from which he deduced (Art. 76) the coeffi- 
cient of cubic expansion. He then cut pieces from this rod, 
and weighed them in water at different temperatures, and 
hence deduced the expansion of the water. 

84. Another method of determining the coefficient of 
cubic expansion of a solid when the coefficient of absolute 
expansion of mercury is known is by means of the weight 
thermometer. The apparent expansion of mercury in the 
glass tube must first be determined, and from this the cubic 
expansion of the glass is deduced. A bar of the substance is 
then introduced into the tube before the neck is drawn out, 
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• 

&&d is supported by means of two pieces of wire twisted 
round it, and projecting in such a manner as to touch the 
glass tube only in a few points, otherwise it is impossible to 
completely fill the space between the bar and the glass with 
mercury. The volume of the bar is previously determined 
by weighing it in air and in water. The neck of the ther- 
mometer having been drawn out, it is weighed before and 
after it is filled with mercury. After heating the thermo- 
meter it is again weighed, and the difference between the 
amount of mercury expelled and that which would have been 
expelled if the thermometer had been filled with mercury 
indicates the difference between the expansion of the bar a,nd 
that of the mercury it displaces. Hence, since the coefficient 
of expansion of mercury is known, that of the bar can be at 
once determined. 

85. All bodies, with very few exceptions, expand as 
their temperature rises, provided they retain the same state 
of aggregation, i.e. remain solid, liquid or gaseous throughout 
the change. Exceptions to this law are however met with in 
baked clay, stretched caoutchouc, which when heated con- 
tracts in the direction of its tension, iodide of silver and water 
between 0° C. and 4° C, of which the last mentioned is by far 
the most important. If a quantity of water at 0°C. be 
heated, it contracts in volume as its temperature rises till it 
reaches a temperature of nearly 4° C, when its density is a 
maximum; if heated beyond this temperature it expands, 
and at a temperature between 7° C. and 8° C. its volume is 
equal to that at 0° C. It then goes on ex- „ - . 

panding, its coefficient of expansion per 
degree of the mercurial thermometer in- 
creasing slightly as the temperature rises. 
This peculiarity of water may be exhibited 
by filling a tall cylindrical jar, AB, with 
water, say at 12° C, small thermometers 
being inserted into the liquid at A and B. 
The middle of the jar is surrounded by a 
freezing mixture. As the water in the 
neighbourhood of the freezing mixture is 
cooled, its density increases, and it descends, causing the 
thermometer at B to indicate a rapid fall of temperature, 
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while that at A is very slightly affected. This goes on till 
the thermometer at B reaches a temperature of about 4° C, 
when it will cease to fall, but the thermometer at A will now 
indicate a fall in temperature, and will continue to do so 
down to 0° C, when ice will begin to be formed at the surface. 
This is known as Hope's experiment. 

86. We may remark here that water on freezing expands 
by nearly nine per cent, of its volume, so that the ice formed 
floats on the surface of the water. This behaviour of water is 
of immense importance in the economy of nature, for when a 
quantity of water, as, for instance, a lake, cools at the surface, 
the cold water descends, warmer water from below taking its 
place ; and this goes on till the whole lake has attained a 
temperature of 4"C, after which the cold water remains at the 
surface until a layer of ice is formed there, which prevents 
the rapid cooling of the remainder of the water on account 
of the extreme slowness with which it transmits heat. We 
consequently find that in deep lakes the water below a certain 
depth is at 4 e G, however cold that at the surface may be. 
Were water to continue to contract till it froze, we should 
have the whole of the water in lakes reduced to 0°C. during a 
continuance of cold weather, and if it also contracted on 
freezing, we should get an immense quantity of ice accumu- 
lated at the bottom of lakes, till the whole lake became 
frozen; for during the summer, the water warmed by the 
sun's rays would float at the top, and the ice below would 
only be affected by the small quantity of heat transmitted 
through this water, and thus the ice would increase from 
year to year, till the whole lake became frozen in the winter, 
and melted in the summer only to a very small depth. 

87. The following table shews the volume of the same 
quantity of water at different temperatures according to the 
experiments of Matthiessen. 



4'C. 


1000000 


50° C. 


1-011890 


10 


1-000271 


60 


1016715 


15 


1-000892 


70 


1-022371 


20 


1-001814 


80 


1028707 


30 


1004187 


90 


1-035524 


40 


1007654 


100 


1043114 
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88. That water expands on cooling from 4* C. to 0° C. 
may be readily shewn in the following manner. Construct a 
weight thermometer with a long capillary neck. In the first 
place, determine the coefficient of apparent expansion of 
mercury in the thermometer. Suppose it to be 000155 
while the coefficient of absolute expansion of mercury is 
known to be '000179. Then the coefficient of expansion of 

2 

the glass is '000024 or about ^ that of mercury. Hence if 

2 

the thermometer be filled — full of mercury, the mercury 

will expand as much as the glass, and the volume of the 
interior of the thermometer above the mercury will be abso- 
lutely constant whatever the temperature. If the thermo- 
meter be then nearly filled with water so that the free surface 
is in the capillary neck when at 4° C, the ascent of the sur- 
face manifest on lowering the temperature must be entirely 
due to expansion of the water. 

89. The expansion of metals when heated, and their sub- 
sequent contraction on cooling, have been turned to practical 
account in several of the arts. Thus boiler-plates are rivetted 
with red-hot rivets, which on cooling contract, and draw the 
plates together so tightly as to form a joint impervious to 
high-pressure steam. Again, tires for ordinary carriage- 
wheels, as well as the steel tires for the wheels of loco- 
motives and railway carriages, are fitted on when red-hot, 
and on cooling grip them with very great force. The same 
property of iron is utilised in the manufacture of the Arm- 
strong and the Fraser gun. In these guns, the breech is 
surrounded by a number of iron cylinders, made by winding 
bars into helices, and welding each turn to the next so as to 
form a cylinder in which the fibre of the iron is arranged in 
a helix about the axis of the gun. The first cylinder is turned 
so as to fit easily over the breech of the gun when the latter 
is cold but itself red-hot It is then heated and slipped into 
its position, after which the gun is immersed in cold water. On 
cooling, the cylinder tends to contract, and exerts great pres- 
sure on the breech. The next cylinder is turned so as to fit 
over the first in a similar way," and so on, Axtc^we^ ^jk&& 
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sometimes having 5 or 6 cylinders placed one over the other. 
Each cylinder, except the outside one, is then subjected to an 
enormous pressure, on account of the tendency of the cylinder 
surrounding it to contract upon it, while in its turn it exerts 
pressure on the cylinder within it. Hence when the powder 
explodes, the pressure of the gases produced has to balance 
the contractile forces of all the cylinders, before it can exert 
any force effective in producing a strain on the breech of the 
gun. Guns thus constructed will consequently bear the ex- 
plosion of very heavy charges without bursting; a pressure of 
about 70 tons weight per square inch being sometimes ex- 
erted within them. 

In several cases in which the walls of buildings have 
bulged outwards, they have been drawn together by passing 
iron bars through them across the building, heating the 
bars, and, when expanded, screwing nuts upon their pro- 
jecting ends. On cooling, the bars drew the walls together, 
and the process was repeated till they assumed their proper 
positions. 

90. An idea of the force which iron exerts if prevented 
from contracting when cooled from a high temperature to 
ordinary temperatures, may be gathered from the following 
rough calculation. 

Suppose an iron bar, one square inch in section, cooled 
from 500° C. (a dull red heat) to 0° C. It would, if allowed, 
contract from a length represented by 1*006 to a length 
represented by 1, its coefficient of expansion being about 
•000012. The bar therefore when at 0° C. is stretched beyond 

its natural length by 1 of that length. Now the force 

capable of stretching a bar of iron of 1 sq. inch section by 
this amount is about equal to the weight of 15 tons, which 
therefore represents the force with which it tends to con- 
tract. If heated to only 100° C. the force it exerts on 
cooling will be equal to the weight of about 13 tons, the 
elasticity of iron oeing very imperfect when stretched so 
much. 

91. Though the expansion of metals by heat is thus 
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frequently applied to useful purposes it is perhaps more 
frequently a .source of trouble. Thus in order to allow for 
expansion, the pipes of water and gas mains have to be con- 
nected by telescope-joints ; the consecutive metak on a rail- 
way have to be placed at a small distance apart, the bolt- 
holes through which they are bolted to the fish plates being 
elongated, and so on. The tubular girders of the Britannia 
bridge are each mounted on rollers at the end, while the 
metals are halved together, as shewn in fig. F 15 

15, so as to allow a play of about nine 
inches, without making a gap between "~ l — * 

them. 

The patterns for castings must be made somewhat larger 
than the castings required. In the case of cast iron about 
an eighth of an inch per foot is allowed for contraction in 
cooling. 

92. In the construction and use of standards of length 
it is of extreme importance that the temperature should be 
carefully observed, and corrections made for expansion or 
contraction. The Imperial standard yard is defined as the 
distance between the centre of two fine lines engraved on the 
gold plugs which are inserted in a certain bronze bar kept in 
the Exchequer Chamber, and known as the Imperial stand- 
ard yard, the temperature of the bar being 62° F. From this 
it will be seen that before employing the bar as a standard it 
must be brought to the temperature of 62° F. The room at 
Southampton which was constructed by Col. Clarke for the 
standards belonging to the Ordnance Survey, is most care- 
fully protected from changes of temperature by double walls 
and double doors so arranged that the first must be closed 
before the second can be opened. 

. 93. In field work it is of course impossible to keep the 
measuring bars always at the same temperature, and it is 
therefore necessary to know their coefficients of expansion, 
and to observe this temperature from time to time during 
the day in order to make the necessary corrections. The 
measuring bars designed by Colonel Drummond for the 
Indian Survey are so arranged, or compensated, that the 
distance between the marks is independ^xv\» oi \tafe \fc\ss^r. 
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rature. Their construction is illustrated by the diagram 

(fig. 16). AB is a bar of Fig. 16. 

brass, and CD an equal bar 

of i™. These are con- •" 

nected by the cross pieces ~ 

EC A, FDB by pins at A, M m 



i 



B, C and D. The points 
which mark the ends of the standard are placed at E and F, 
so that AE : CE :: BF : DF :: coefficient of expansion of 
brass : coefficient of expansion of iron. If the temperature 
be raised AB expands more than CD, and the bars AE, BF 
are caused to incline towards one another in such a way that 
the distance between E and F remains unchanged. Micro- 
scopes are employed along with the bars, and one microscope 
is placed upon the ground and its moveable wire adjusted 
till it coincides with the image of E. The bar is then 
advanced, and so placed that the image of F is on the wire, 
and then the microscope is again moved to E. Two micro- 
scopes are generally employed to prevent accidents, and the 
first is not moved till the second is adjusted. 

94. Perhaps the expansion of metals causes more trouble 
to horologists than to any other class of persons. The rate 
of a clock is usually governed by a pendulum, and the time 
of vibration of a pendulum depends on the distance between 
the centres of suspension and of oscillation. Now, if the 
pendulum consist of a simple metallic rod carrying a weight, 
when it is heated it expands, and this distance is increased, 
so that the clock is retarded, while on cooling it is accelerated. 
A compensating pendulum is one in which the distance 
between the centres of oscillation and suspension is inde- 
pendent of the temperature. 

95. A compensating pendulum may be constructed on 
precisely the same principle as the Drummond bars, with 
this difference, that the cross piece BD (fig. 16) should be 
rigidly connected to the bars AB and CD, so that only AE 
may change its inclination. The centre of suspension should 
be connected to B, the bar AB being somewhat produced, 
and the pendulum bob suspended from E. For the sake of 
symmetry the arrangement may be duplicated about AB, 
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so that there are bars corresponding to CD and A E on each 
side of AB. Ellicott's pendulum is only a modification of 
this, the iron bar being placed between two brass bars, and 
a ring attached to the lower end of the iron bar, which 
is pivoted to two cross pieces, from the outside extremities of 
which the bob is suspended. The brass bars press upon the 
other extremities of the cross pieces and thus by their ex- 
pansion raise the points of suspension of the bob. 

96. In Graham's mercurial pendulum the bob consists 
of a glass vessel containing mercury. Now the coefficient of 
apparent expansion of mercury in glass is very much greater 
than the coefficient of linear expansion of the iron suspension- 
rod, and while the latter expands downwards, the centre of 
gravity of the mercury in the glass vessel is raised by the 
expansion of the mercury, and the quantity of mercury is so 
arranged that the latter expansion just compensates for the 
former, and the centre of oscillation remains unmoved. 
The rod of Graham's pendulum was made of glass, but 
mercurial pendulums are now usually constructed with iron 
rods. 

97. Harrison's gridiron pendulum is shewn in fig. 17. 
The vertical rods there indicated by black lines Fig. 17. 
consist of iron, those shewn by light lines, of 
which there are four, are made of brass. It is 
obvious from 'the construction that the expan- 
sion of the iron rods, which are supported at 
their upper ends, tends to lower the bob, while 
that of the brass rods, all of which are sup- 
ported at their lower ends, tends to raise it. Since 
the coefficient of expansion of brass is, roughly 
speaking, about 1£ times that of iron, it fol- 
lows that the ratios of the lengths of the brass 
bars to those of the iron bars, and the distri- 
bution of metal throughout the pendulum, can 
be so arranged as to keep the distance between 
the centres of suspension and oscillation inde- 
pendent of the temperature. 

98. A form of pendulum which is much more easily coil* 
structed than the gridiron pendulum au& raaw^t* \*&\£x> 
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Fio. 18. 



inasmuch as it exposes less surface to the friction of the 

air, and has its centre of mass much lower 

down, is shewn in fig. 18. It consists of an 

iron tube, AB, shewn in section in the 

figure ; inside this tube and fitting it loosely 

is placed a zinc tube which is supported by 

being rivetted to the iron at B. From the 

top of the zinc tube hangs an iron rod, CD, 

which carries the bob. Here it is obvious 

that the pendulum will be compensated if 

BC be about equal to - (AB+ CD), since 

the coefficient of linear expansion of zinc is 
about 2^ times that of iron. In order to 
give sufficient length to the zinc tube, these 
pendulums are usually constructed so that 
the point B is within a hole drilled through 
the bob. 




rw-N»sr^-\^»^N^-n 



Fig. 19. 
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99. The movements of watches and chronometers are 
governed by "balance-wheels" which oscillate under the 
action of the elasticity of the hair-spring, to which they 
are attached. The time of oscillation of the wheel de- 
pends upon its moment of inertia, 
and increases with it. Now this 
is increased by increasing the dia- 
meter of the wheel, though the 
mass remains unchanged. Hence 
a simple balance-wheel will cause 
the rate of the watch to diminish 
as the temperature increases. This 
is obviated in the chronometer 
balance-wheel shewn in fig. 19, by 
making the circumference of the 
wheel of two metals, the outer of 
which is some metal, as brass, 
whose coefficient of expansion is great, while the inner metal 
is steel, or some other whose coefficient of expansion is 
. small. The circumference is cut into two or three parts, 
.each of which is supported at one end by an arm of the 
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wheel. Now, if the temperature increase, the distances of 
the points A, B, C from the centre of the wheel will increase 
on account of the expansion of the arms, while the curva- 
ture of the arcs AD, BE, CF will increase because the outer 
metal will expand more than the inner. This will occasion 
the points D, E, F to approach the centre, and the weights 
of the heavy screws attached to each arc can be so adjusted 
that the moment of inertia, and therefore the time of oscil- 
lation, of the wheel is unaffected by change of temperature. 
Balance-wheels are generally made by first turning a small 
wheel in steel and then casting a ring of brass around it 
before cutting through the circumference. 

100. The change of curvature produced in a compound 
bar, similar to the circumference Fio. 20; 

of the balance-wheel, by change , 

of temperature, may be shewn 

by rivetting- together at an 

ordinary temperature plane 

strips of zinc and brass, as in 

fig. 20, where the brass is shaded. 

On heating the strip it will 

assume the second form shewn, 

while on cooling it in a freezing 

mixture it will take the third form. This experiment shews 

conspicuously the difference in the expansion of two metals 

for the same increments of temperature. 

101. Breguet's thermometer consists of very thin strips 
of silver, gold, and platinum, which are rolled together so 
as to form a thin narrow ribbon, and this is wound into a 
helix in which the silver is on the outside and the platinum 
on the inside.- If the temperature of the ribbon increase, 
the helix winds itself tighter because the expansion of the 
outside is greater than that of its inner surface, while, when 
it is cooled, it partially unwinds. If one end of the ribbon 
be fixed, and a needle or mirror attached to the other end, a 
very sensitive thermometer is obtained. 

This thermometer is sometimes employed as a rough 
galvanometer for indicating the passage ot ^cl ^\^m *sss> 
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rent The helix is supported at the top by a metal arm 
connected with one electrode, while a wire connected with 
its lower end dips into a cup of mercury in communication 
with the other electrode. The current thus flows through 
the helix itself and manifests its presence by its heatiDg 
effect. 

102. The points upon railways are connected with the 
pointsman's lever by iron rods, and when the distance is con- 
siderable the expansion and contraction of the rods through 
changes of temperature would cause the points to move 
without any change in the position of the lever if no pre- 
caution were taken to prevent it. In order to overcome 
this difficulty the connecting rods are fastened to short levers 
BCB, EFO (fig. 21), which can turn freely about pivots C, 
F, which are fixed relative to the permanent way. If A 

Fio. 21. 

4i> -g 




a 



represent the end of the rod which is attached to the lever, 
and H the end which is connected with the points, the con- 
dition that H should remain fixed as long as A is fixed is 
that the expansion of BE should be equal to that of AB 
and OH together, or that the length of BE should be equal 
to the sum of the lengths of AB and OH. Any number of 
levers similar to BOB may be introduced, but the condition 
which must always be fulfilled by the bars is that the sums 
of the lengths of the alternate bars should be the same. 
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103. We have now to consider the effects of heat upon 
gases. A gas has been defined as a fluid, a finite portion 
of which can be made to occupy any assigned space, however 
great, by sufficiently diminishing the pressure to which it is 
exposed. In speaking then of the volume of a quantity of 
gas, it is of primary importance to specify the pressure under 
which this volume is measured. The law connecting the 
volume and pressure of a given mass of gas at constant tem- 
perature is known as Boyle's, or Mariotte's, law, and is as 
follows : — 

The volume of a given mass of gas at constant tempera- 
ture varies inversely as its pressure; or, The product of the 
numerical measures of the volume and pressure of a given 
mass of gas at constant temperature is constant. 

Fm. 22. 



104. This may be shewn experiment- 
ally by partially filling a tall U tube, 
ABC, with mercury, closing the end C, 
and then pouring mercury into, or out of, 
the arm A B. It will be found that when 
the air in BG has acquired its original 
temperature after this operation, its vo- 
lume will vary inversely as the sum or 
difference of the height of the mercu- 
rial barometer and of the difference in 
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height of the surfaces of the mercury in the two arms of the 
tube, that is, inversely as the whole pressure to which it is 
subjected ; the difference of level of the mercury in the arms 
being added to the height of the barometer when the mer- 
cury in AB stands above that in BC, and subtracted from it 
when the opposite is the case. 

105. Instead of the U tube a more convenient appara- 
tus consists of two glass tubes connected by a few feet of 
flexible indiarubber tubing, having 9, small bore and thick 
wall so as to be able to sustain a pressure of six or eight feet 
or more of mercury. The tube which corresponds to the 
arm C in Fig. 22, and which should be of uniform bore or 
be calibrated, is fixed to a long vertical scale while the tube 
corresponding to the arm A can be moved up and down the 
scale. The two tubes being placed at the same height mer- 
cury is poured into the apparatus till it reaches the middle 
of the tubes. The tube A should then be raised till C is 
completely filled with mercury. The upper end of C which 
has been left open should then be connected with a desic- 
cating apparatus so that on lowering A pure dry air may be 
drawn into C, and when C is about on6-third full of air its 
upper end should be sealed with the blow-pipe flame. The 
pressure upon the air in C may then be increased or dimin- 
ished to any extent within the limits fixed by the length of 
the indiarubber tube, while the difference in level of the 
surfaces of the mercury in the tubes is measured by the 
scale. By employing a scale etched on plate glass and sil- 
vered at the back, all danger of parallax can be removed by 
causing the surface of the mercury to exactly cover its 
image formed in the mirror-scale. This last device is due 
to Professor Jolly. 

106. The increase in volume of a quantity of air for a 
given change of temperature, when the pressure is kept con- 
stant, may be roughly determined by taking an 'empty ther- 
mometer tube, warming it, and, F 2 „ 
when it begins to cool, dipping 
the end under the surface of 
mercury for a very short time, 
so that a small pellet of mercury 
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may be made to enter the tube. The volume of the air 
within the instrument will then be determined by the posi- 
tion of the pellet of mercury. This apparatus will serve as an 
air thermometer for a small range of temperature. By heating 
the bulb in a bath, whose temperature is measured by a 
mercurial thermometer, it will be found that the volume of 
the air increases very nearly uniformly for equal increments 
of temperature indicated by the mercurial thermometer. 

107. If the thermometer be filled with any other gas, 
which cannot be readily liquefied, as Oxygen, Hydrogen, 
Nitrogen, &c, it will be found that the coefficient of expansion 
is almost precisely the same as for dry air, and that for every 
increase in temperature of 1° C, under any constant pressure, 

each of these gases expands by about ~ 7 « of the volume it 

would have at 0°C. under the same pressure (though this 
rate is not quite uniform if the temperature be indicated 
by the mercurial thermometer). If the volumes of quan- 
tities of these different gases, always subject to the same 
pressure, be equal at some particular temperature, they 
will also be almost exactly equal when they are all at any 
other, the same, temperature. Hence, thermometers filled 
with any of the so-called permanent gases all indicate the 
same scale of temperature, which, however, as stated in 
Chapter I., differs very little from that of the mercurial 
thermometer. 

108. From the preceding we see that, if v represent the 
volume of any quantity of a permanent gas at 0°C, and 
v t its volume under the same pressure at f C., then 



••—•{ 1+ m*)- 



Thus if the gas occupied 273 cubic inches at 0° C, it would 

occupy 274 cubic inches at 1°C, and 373 cubic inches at 

1 
100° C. The fraction ^=h l9 °ft en denoted by a, 

109. Now suppose that instead of having the air in a» 
bulb tube we have it in a tube of untfoim "Wfc ^to^ms^ 
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and closed at the lower end. Then the volume of the air 
will be proportional to the distance of the bottom of the 
pellet of mercury from the bottom of the tube. Suppose 
that when the temperature is 0°C. the air occupies 27*3 
inches of the tube. Let a mark be placed at this distance 
from the bottom, and called the freezing point. Now place 
the whole tube in the steam above boiling water, as in the 
case of the mercurial thermometer described in Chapter I. ; 
it will then be found that the air will occupy 37*3 inches 
of the tube. Marking the tube at this height, (calling it 
the boiling point,) and dividing the distance between this 
point and the freezing point into 100 equal parts, or degrees, 
each degree will occupy one-tenth of an inch of the tube. 
MarkiDg off distances each equal to the tenth of an inch 
below the freezing point, and indicating them by the cor- 
responding number with a negative sign prefixed, we find 
that the bottom of the tube is marked — 273°. Hence we 
infer that if the law of contraction of air with decrease 
of temperature remained the same as at ordinary tempera- 
tures, and we could cool the air to a temperature corre- 
sponding to — 273° C, its volume would be zero. Of course 
we never expect to realise this, for even supposing it possible 
to attain this low temperature, which we never hope to do, 
the air would probably cease to be a gas long before reach- 
ing it. The temperature corresponding to the bottom of the 
tube is called the absolute zero of the air thermometer, and 
temperatures reckoned from this point are called absolute 
temperatures. The absolute temperature of the freezing 
point is therefore 273°, and that of the boiling point 373°. 
Now the volume of the air in the tube at any temperature 
is proportional to the length of the tube which it occupies, 
and therefore to the absolute temperature indicated by its 
upper surface. Hence we see that, 

The volume of any mass of air, or other gas, at constant 
pressure increases uniformly with the temperature, and is 
proportional to the temperature reckoned from the absolute 
zero of the air thermometer. 

This is sometimes called Charles', but more generally 
Gay Lussac's, law. Boyle's law and this together constitute 
"the gaseous laws," which should be carefully remembered. 
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110. Ex. A quantity of gas occupies 10 cubic inches 
at a temperature of 15° C. ; what will be its volume under the 
same pressure at 75° CJ 

15° C. corresponds to (273 + 15)°, or 288° above the abso- 
lute zero of the air thermometer, while 75° C. corresponds to 
an absolute temperature of 348°. 

At 288° Abs. Temp, the gas occupies 10 cubic inches. 
.\ at 1° it would occupy ^rr^ cub. ins. 

Zoo 

• . Suii o«o ... ... «... •*•••• ••••■• ouo cud. ins. 

= 12*08... cub. ins. 

This is perhaps the simplest method of finding the rela- 
tive volumes of a quantity of gas, corresponding to different 
temperatures. 

111. Boyle's law states that the product of the numerical 
measures of the pressure and volume of a given mass of gas 
remains constant while the temperature remains so, and we 
have just seen that if the pressure be kept constant the 
volume is proportional to the absolute temperature. 

Now let v denote the volume, and p the pressure of a 
quantity of gas whose temperature, reckoned from absolute 
zero, is T°. Let the temperature be changed to T° the 
pressure remaining the same. Let the volume then become 
v v Then 

T 

T 
and pVi^pv-pp. 

Now let the pressure be increased, the temperature re- 
maining at 7 7 - till the volume is again reduced to v, and 
let p x denote the pressure when this is the case. Then since 
the temperature is kept constant, 

p t v=pv v by Boyie'alaro, 
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V 
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K 



=P^ by(l). 

Now if the gas were heated to T°, its volume being kept 
constant, we should finally have arrived at the same state of 
things as by the process we have adopted, and the pressure 
would then, as now, be denoted by p t . Hence, 

Q 

The pressure of any mass of gas whose volume is heft 
constant increases uniformly with the temperature, and is 
proportional to the temperature reckoned from the absolute 
zero of the air thermometer. 

Fig. 24. 

112. This result may be tested 
experimentally by an apparatus de- 
signed by Professor Balfour Stewart, 
the essential portions of which are 
shewn in fig. 24. 

AB is a vessel containing mer- 
cury and closed at one end by a 
piston which can be made to slid6 
in and out through a stuffing box 
by means of the screw 8, and thus 
to change the capacity of the vessel 
AB. E is a vertical glass tube com- 
municating with the interior of AB t 
and open at the top, while the tube F is connected with 
a very fine tube leading from the glass bulb K. The bulb K 
is filled with perfectly dry air, and then attached to F. K 
is then cooled to some known temperature, as by placing it 
in a quantity of melting ice, and the mercury in F is made 
to rise to a marked point G, where the tube is very narrow, 
by turning the screw S. The excess of the height of the 
mercury in the open tube E over its height in F, when 
added to the height of the barometer, gives the whole pres- 
sure to which the air in K is subjected. Call this P. The 
bulb K is then heated to some known temperature, as, for 
instance, by placing it in the steam over boiling water, and 
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the piston C is advanced by means of the screw 8 till the 
mercury in F again reaches Q. Determining as before the 
pressure to which the air in K is subjected, and denoting 
it by P v we find that 

T 

P = P— i 

where T° and T* denote the temperatures of the bulb in the 
first and second experiments respectively, reckoned from 
the zero of the air thermometer. If the temperatures em- 
ployed are those of melting ice and of the steam over water 
boiling at the standard pressure, we find 

V — T> ^^ 

- 1 *" 273' 

The cylinder and piston, which is necessarily a somewhat 
expensive apparatus, may be replaced by a strong vessel of 
indiarubber which can be slowly compressed between two 
plates of metal by means of a screw. 

113. Professor Jolly's air thermometer, which serves 
the same purpose as the last mentioned instrument, is similar 
to the apparatus described in Art. 105, except that the tube 
C is replaced by a bulb tube so bent that it can be conve- 
niently raised to any desired temperature in a bath and 
having a portion of its neck, in which the surface of the 
mercury is kept, very narrow. The bulb tube is also sup- 
plied with a branch and stop-cock through which it can be 
exhausted and filled with any gas which may be desired. 

114. We have seen then, that, if the pressure be kept 
constant, the volume of a given mass of gas varies as its 
absolute temperature, while if the volume be kept constant 
the pressure varies as the absolute temperature. Hence, 
when both volume and pressure are allowed to vary 
together, 

The product of the numerical measures of the pressure and 
volume of a given mass of gas increases uniformly with the 
temperature, and is proportional to the temperature reckoned 
from the absolute zero of the air thermometer. 
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115. As an example of the application of the preceding 
laws we may take the following : — 

A quantity of air occupies 1 cubic foot at a temperature 
of 59° F. and under a pressure of 30*24 inches of mercury. 
It is required to find its volume at 113° F. under a pressure 
q/ , 28G2 inches of mercury. 

59° F. corresponds to 15° C. or an absolute temperature 
of 288°, while 113° F. corresponds to 45° C. or 318° C. above 
the absolute zero of the air thermometer. Hence if the 
pressure remained constant the volume at 113°F. would be 

i 318 w' * 
1 x £-£ cub. feet. 

But the pressure changes from 30*24 to 28*62 inches of 
mercury, and the volume varies inversely as the pressure. 
Therefore the actual volume is 

318 30-24 , , + 1 1 , A 
288 X 28-62 Cub ' ft = ** Cub ' ft ' 

Or we may proceed thus : — 

Volume at 288° under pressure of 30*24 inches is 1 c. ft. 

... 1° 30*24 ^c. ft. 



. . ... 



. . ... 



. • ... 



288 

30*24 

288 



c. ft. 



... * . . 



10 2862 ra^ c - ft - 

3180 28 " 62 SKHi c - ft - 



116. We have seen that if the volume be kept constant, 
the pressure of a given mass of gas is proportional to its 
temperature above the absolute zero of the air thermometer. 
Hence at the absolute zero of temperature, the pressure of 
any quantity of gas would be zero, supposing the same law 
to hold at such a low temperature. Now, according to the 
molecular theory of gases, a gas consists of a number of very 
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small particles, or molecules, moving about with great velocity 
in all directions (Art. 71). The pressure of the gas on any 
surface in contact with it is due to the continual impacts of 
these molecules ; and it may be shewn that the pressure of a 
gas upon a surface is proportional to the kinetic energy, or 
vis- viva, possessed by the unit of volume of the gas. Hence, 
when this pressure is zero, it follows that the gas possesses 
no kinetic energy, and that its particles are therefore at rest. 
This is a reason why the zero of the air thermometer should 
be considered to be the absolute zero of temperature. 

117. A perfect gas is an ideal substance which strictly 
follows Boyle's law. All known gases deviate to some extent 
from this law, and those which deviate most from Boyle's 
law also deviate most from Gay Lussac's law. Gases which 
can be readily liquefied deviate considerably from the gaseous 
laws and the more so as they approach the temperature and 
pressure at which they become liquid; when the coefficient of 
expansion rapidly increases. 

As a general rule gases have a greater coefficient of ex- 
pansion than liquids, and liquids than solids. The co-effi- 
cients of expansion of liquids and solids generally increase 
as the temperature is raised if the temperature be measured 
by the air thermometer. 

118. In the following table the second column contains 
the mean coefficients of expansion of the gases mentioned in 



Name of gas. 


Constant 
pressure. 


Constant 
volume. 


Hydrogen 
Air 

Nitrogen 
Carbonic oxide 

„ anhydride 
Nitrous oxide 
Sulphurous anhydride 
Cyanogen 

• 


•003661 
•003670 

•003669 
•003710 
•003719 
•003903 
•003877 


•003667 
•003665 
•003668 
•003667 
•003688 
•003676 
•003845 
•003829 
\ k 
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the first column between 0° C. and 100° C. at constant ordi- 
nary pressure, and the third column indicates the mean 
rate of increase of pressure of the same gases for the same 
range of temperature when the volume is constant. The 
numbers are due to Regnault, 

119. From the table given in the last Article it will 
be seen that the coefficients for hydrogen, nitrogen, and 
carbonic oxide, gases which can be liquefied only by means 
of intense cold and pressure, are sensibly the same as for 
air, while in the case of each of these gases the rate of 
increase of volume per degree of temperature, when the 
pressure is constant, is very nearly the same as the rate 
of increase of pressure when the volume is constant, or the 
gases obey Boyle's law. The coefficients of expansion of the 
other gases mentioned in the table differ sensibly from that 
of air, and in their cases the rates of increase of volume and 
of pressure are not the same, that is, the gases diverge 
sensibly from Boyle's law. These gases can be liquefied with 
comparative ease. 

As mentioned in Chapter I., it is the almost exact agree- 
ment between the expansions of air, hydrogen, oxygen, nitro- 
gen, carbonic oxide, and some other gases at different tempe- 
ratures which renders the scale of the air thermometer of 
peculiar importance, and moreover the specific heat of these 
gases is the same at all temperatures measured by the air 
thermometer. 



120. The great coefficient of expansion of 
useful for the construction of sensitive ther- 
mometers. A common form of the differential 
thermometer is shewn in fig. 25. It consists 
of a glass tube bent as shewn in the figure, 
and having a bulb at each extremity. The 
middle portion of the tube is partly filled 
with coloured liquid, while the two upper 
bends are united by a short tube which can be 
closed by a plug tap, A. When A is opened 
the pressures in the two bulbs are equalised, 
and the liquid stands at the same height in ,■- 
each limb. The tap A is then closed. Now 



renders it 




HEAT PRODUCED BY COMPRESSION. 75 

if the temperature of the bulbs be initially the same, and if 
the temperature of either, or both, change, the pressure of 
the air will be greater in that whose temperature suffers the 
greater increase, and the liquid will be driven by the excess 
of pressure towards the other bulb, the difference of the 
heights at which it stands in the two limbs roughly indicat- 
ing the difference in the changes of temperature of the two 
bulbs. If the bulbs differ in temperature when A is closed, 
the liquid will remain undisturbed provided the absolute 
temperature of each be increased by a quantity proportional 
to itself. 

Leslie's differential thermometer was somewhat simpler 
than that just described, the tube being bent only twice at 
right angles, and the bulbs being placed uppermost. 

121. If a quantity of air be confined in a cylinder into 
which a piston is accurately fitted, and the piston be sud- 
denly and violently depressed so as to compress the air, the 
latter will be considerably heated ; so much so, that German 
tinder placed within the cylinder may be ignited, or if a 
glass cylinder be used, and a little vapour of bisulphide of 
carbon diffused through the air within it, the vapour may 
be inflamed, producing a brilliant dash. 

122. Suppose a quantity of air heated from T° to T* 
under constant pressure. Its volume will be correspondingly 
increased. Now let the air be suddenly compressed to its 
original volume. Then, as we have just seen, its temperature 
will be still more increased ; lastly, allow* the air to cool to 
the temperature 2^°, so regulating the pressure that its 
volume remains unaltered. The air will of course give out 
heat in cooling, while finally it is in the same condition as 
if its temperature had been raised from T° to T* in a closed 
vessel so that its volume was kept constant. We thus see 
that the amount of heat required to raise the temperature 
of the air from T° to T* under constant pressure, is greater 
than the amount required to produce the same rise of tem- 
perature when its volume is constant, by the amount of 
heat given out by the air during the third of the above 
operations. From this experiment we learn that the specific 
heat of air at constant pressure is greatet Muasi \\& ^esfv^va 
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heat at constant volume: (Dr Joule shewed that the differ- 
ence was almost equivalent to the work done by the air in 
expanding.) If both the pressure and volume were allowed 
to increase the specific heat would be intermediate between 
these two, while if the volume increased so much that the 
pressure diminished, it would be greater than the first ; and 
if the pressure increased so much that the volume di- 
minished, it would be less than the second. 

123. Since gases become heated when suddenly com- 
pressed, it will follow that, if allowed to expand, by relieving 
the pressure, the gases will be cooled, provided they do not 
receive heat from without. We shall meet with ipstances of 
this in a subsequent Chapter. 

124. If a quantity of gas be allowed to expand without 
doing any external work, as when it expands into a vacuum, 
no heat is lost or gained by the gas as a whole. This was 
shewn by Dr Joule, who connected a vessel containing com- 
pressed air, at a pressure of about 22 atmospheres, with a 
second vessel which was exhausted, the communication be- 
tween them being closed by a tap. The two vessels were 
placed under the water in a calorimeter, and after they had 
acquired the temperature of the water, the tap was opened. 
The temperature of the water remained unaffected. Hence 
when air expands without doing external work, no heat is 
lost or gained by it. The air left in the first vessel did work 
in driving the air into the second with great velocity, and 
was itself cooled, but the air entering the second vessel 
on striking against its sides acquired as much heat by the 
impact as was lost by that in the first, so that as much heat 
was communicated to the water by one vessel as was taken 
from it by the other. 

125.- In Art. 48 we explained how the specific heats of 
air, and other gases, at constant pressure, were determined 
by Regnault. The results of his investigations may be 
summed up in the following laws. 

1. The specific heat of a permanent gas at constant 
pressure is independent of that pressure, and the same for all 
temperatures. 
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2. The capacity for heat of EQUAL volumes of different 
permanent gases at the same pressure and temperature are 
equal. 

» 

3. The specific heats of the easily condensible gases vary 
slightly with the temperature. 

The experimental determination of the specific, heat of 
air at constant volume is one of extreme difficulty. An 
indirect method. by which this has been effected will be 
described in Chapter X. We may, however, here remark 
that, for all the more perfect gases, the ratio of the spe- 
cific heat at constant pressure to that at constant volume 
"is independent of the temperature of the gas, and for air is 
about 1*41. 

126. It has been stated, Art. 106, that the scale of the 
mercurial thermometer differs but very slightly from that of 
the air thermometer. In the course of his experiments on 
the maximum pressure of aqueous vapours at different 
temperatures, Regnault made a series of comparisons be- 
tween the readings of his mercurial thermometer, with an 
envelope of crown glass, and an air thermometer. Some of 
his results are given in the following table. Below 100° C. 
the readings were practically the same. 



Air Thermometer. 


Mercury Thermometer 


100° c. 


100°C. 


140 


13985 


180 


17963 


200 


19970 


240 


23990 


260 


260-20 , 


300 


30108 


340 


34300 


350 


35400 



127. The expansion of gases has been turned to practical 
account in the construction of pyrometers, or instruments 
for measuring very high temperatures, as of furnaces. Of 
these Regnault's mercury pyrometer may be taken as an 
example. It consists of a bottle of iron, o\ ^*>rc&&s&s^ 
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the neck of which has a narrow opening, and is covered 
by a lid whose diameter is considerably greater than its 
own. The lid has a small hole bored through it, and the 
top of the neck and lower surface of the lid are ground 
together, so that by sliding the lid on the neck the bottle 
may be opened or closed. A small quantity of mercury is 
placed iji the bottle, and the whole placed in the furnace. 
The quantity, of mercury must be sufficient to expel, when 
volatilised, all the air from the bottle, and when it has ac- 
quired the temperature of the furnace the neck is closed 
by sliding the cover, and the instrument removed and al- 
lowed to cool. When cold the mercury within it is weighed, 
and this gives the weight of mercury vapour which filled 
the bottle at the temperature of the furnace. The capacity 
of the bottle is determined by weighing it when full of 
mercury, and weighing it when empty. Then if we know 
the height of the barometer, and the specific gravity of 
mercury and of mercury vapour at any temperature and 
pressure, as well as the law of expansion of mercury vapour, 
we can calculate the temperature of the furnace. 

128. Suppose for example that the amount of liquid 
mercury at 15° C. required to fill the bottle is 314 ozs., and 
that at this temperature a cubic foot of mercury weighs 
13564*8 ozs. Then it follows that the capacity of the flask 
is 40 cubic inches. Suppose also that the amount of mer- 
cury left in the bottle after being removed from the furnace 
is 13 grains, and that at 360° C. a cubic foot of mercury 
vapour weighs 1580 grains, when under the same pressure 
as during the experiment. Then if the temperature of the 
furnace be jT°C. 40 cubic inches of mercury vapour will 
weigh 

,„ OA 40 360 + 273 
lo8 ° X l728 X "2 T T273' gramSj 

supposing mercury vapour to behave as a perfect gas at tem- 
peratures above 360* C. But 

„„ 40 360 + 273 
1080 X 1728 *~2 f +27S~~ W ' 
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therefore T + 273 = 158 ° * $£ jfff + 27 *> 

= 1780-87... 
therefore T= 1507*87.. • 

and the temperature of the furnace is nearly 1508° C 

129. In Wedgwood's pyrometer the temperature is mea- 
sured by the contraction of a piece of baked clay; others 
have been constructed in which the temperature is indicated 
by the expansion of a platinum bar. The action of Siemens' 
pyrometer depends upon the increase of the resistance which 
platinum wire offers to the passage of an electric current as 
its temperature is raised. It consists of a very fine platinum 
wire wound on a small porcelain bobbin, the ends of thQ 
wire being attached to very thick wires whose resistance is 
exceedingly small compared with its own. The bobbin is 
placed within the furnace, with the thick wires leading from 
it to any convenient place, and the resistance of the wire is 
then measured in the usual way, and the temperature of the 
furnace deduced. 

Diffusion of Gases, 

130. If two vessels containing different gases be allowed 
to communicate with each other for some time, it will be 
found that each vessel contains a mixture of the gases of 
the same composition, and this will be the case even if 
one of the gases be much denser than the other, and the 
vessel containing it be placed at a considerable distance 
below that containing the lighter gas, the communication 
being made by a tube. Oxygen may be used for the heavier, 
and hydrogen for the lighter gas, and the mixtures subse- 
quently exploded. 

This phenomenon is known as the diffusion of gases, and 
in virtue of it the atmosphere has nearly the same com- 
position at all heights to which men have ascended. It is 
sometimes expressed by saying that one gas acts as a 
vacuum to another. 



80 DIFFUSION OF GASES. 

i 

131. If, in accordance with the molecular theory of 
gases, we suppose that a gas consists of a number of very 
small particles moving in all directions with great velocities, 
we see that they will penetrate into any space which is open 
to them, and the presence of any other gas in that space 
will only delay their diffusion through it by causing them 
to continually come into collision with its own particles, just 
as the passage of a person through a crowd is impeded by 
the presence of others, and would be much more so were all 
the persons composing the crowd, and including the in- 
truder, highly elastic and perfectly devoid of intelligence. 
The molecular theory of gases thus readily accounts for the 
phenomenon of diffusion, and we see that either gas will 
ultimately be uniformly distributed throughout each vessel, 
because it is only then that the number of its particles pass- 
ing from the first to the second vessel in any given time will 
be equal to the number passing in the opposite direction. 

The molecular theory of gases also teaches us that at the 
same temperature the mean squares of the velocities of the parr 
tides of different gases under any given pressure vary inversely 
as the density of the gas, and this accounts for the law dis- 
covered by Graham, that gases diffuse into one another at 
rates varying inversely as the square roots of their densities. 

132. The differences in the rates of diffusion of different 
gases have been employed to detect the presence of coal-gas 
or fire-damp. An instrument for this purpose known as 
Ansell's fire-damp indicator consists of a small balloon made 
of thin indiarubber and inflated with air. A linen band 
placed round its equator necessitates any expansion it may 
undergo taking place in the direction of its vertical diameter. 
An alarum is so placed that if the balloon, which is fixed 
in a suitable frame, expand vertically it will by raising a 
detent start the alarum. If the apparatus be placed in an 
atmosphere containing hydrogen or carburetted hydrogen 
more gas will enter the balloon by diffusion through the 
envelope than will leave it, because at first it contains only 
pure air, and both oxygen and nitrogen are more dense than 
hydrogen or carburetted hydrogen. The contents of the 
balloon being increased the envelope will expand vertically 
and liberate the alarum. 



CHAPTER VI. 

ON THE EFFECTS OF HEAT IN PRODUCING CHANGES OF STATE 
IN BODIES. LATENT HEAT. REGELATION. EVAPORATION. 
BOILING. DEW-POINT. CRITICAL POINT. SPHEROIDAL 
STATE. 

133. If heat be made to enter a solid body its tempera- 
ture will, in general, be increased, and the solid will expand; 
tmtil it arrives at a certain temperature (which depends for 
each solid only on the pressure to which it is subjected) 
called the fusing point, when the solid will begin to liquefy* 
and the temperature will remain unchanged till the whole 
of the solid is converted into the liquid state. During this 
process the volumes of most bodies increase, but there are 
many substances which, like ice, cast iron, and many alloys, 
contract on fusing and expand during solidification, and this 
enables sharp castings to be taken in these materials. 

134. During the process of liquefaction the application 
of heat has to be continued, and a large amount is absorbed 
by the melting body. This heat has no effect upon the tent" 
perature of the body, which, as we have said, remains con- 
stant till the whole is liquid. On this account the heat 
absorbed during this process was said to become latent, and 
was called the latent heat of fusion. It may be thus de- 
fined : — 

Def. Hie latent heat of fusion of a substance is the 
number of units of lieat absorbed by the unit of mass of the 
substance in passing from the solid to the liquid state without 
change of temperature. 

In Chapter III. we saw that a pound of ice in melting at 
0° C. would cool a pound of water from 7$° G. to W C '^^ 

o. * 
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latent heat of fusion of ice, or, as it is more generally called, 
the latent heat of water, is therefore 79. 

135. The phrase " latent heat " is not well chosen, be- 
cause the heat absorbed during liquefaction does not remain 
within the substance as hidden heat, or heat insensible to 
the thermometer, but. actually ceases to be heat, being used 
up in doing internal work ; just as when a steam crane is 
employed in lifting building stones, part of the heat gene- 
rated in the furnace ceases to be heat, being used up in 
doing work, and having its representative in so many tons of 
material lifted so many feet against the attraction of the 
earth. 

136. There are some substances which, like ice and 
cast iron, expand on solidification. The density of ice at 0°C. 
is *918, that of water at 4°C. being taken as the standard of 
density, but as its temperature is lowered the ice contracts, 
its coefficient of cubic expansion per 1°C. being about '000122. 
Those metals which expand on solidifying are well adapted 
for making sharp castings, since on solidification they expand 
and fill all the interstices of the mould. On the other hand, 
it is impossible to obtain sharp castings with metals like 
gold, silver, lead, &c For this reason coins, medals, rifle- 
bullets, &c. are stamped. When a leaden bullet is cast there 
is always an empty space inside it, due to the contraction of 
the lead, and the resultant resistance of the air then not 
generally acting through the centre of gravity of the bullet 
its direction of motion is thereby changed. It is to obviate 
such action that a motion of rotation is given 

to bullets and cannon-shot by rifling the guns, IG " 

Paraffin contracts very much on solidifying, 
and if a cylindrical vessel be filled with melted 
paraffin and allowed to cool, the upper surface 
of the paraffin will be depressed in the centre, 
as shewn in Fig. 26, while castings made in 
closed moulds will generally be found inter- 
spersed with cavities. 

137. It was first shewn from theoretical considerations 
by Prof. James Thomson, that if a body expand on solidifi- 
cation an increase of pressure will lower the melting point, 
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But if it contract on solidifying, like wax and paraffin, the 
melting point will be raised by pressure. Sir W. Thomson 
subsequently found that in the case of ice the melting point 
Is lowered by about -A* C. for each additional pressure of one 
atmosphere. This dependence of the melting point upon 
the pressure explains the phenomenon of regelation. 

An example of this phenomenon is presented by the 
following experiment. A block of ice is supported in any 
convenient manner at each end, and a wire loop carrying 
a weight is suspended from the block, the temperature of 
the air being above the freezing poijtt. The ice immediately 
underneath the wire being then exposed to a pressure greater 
than that of the atmosphere, while its temperature is not 
sensibly below the freezing point, melts, and the liquid so 
formed escaping to the upper side of the wire where the pres- 
sure is only that of the air, while the temperature of the 
water is below the freezing point, it again freezes. (That the 
temperature of the water must be below the freezing point 
is obvious, for in melting it must absorb the necessary latent 
heat from the surrounding ice, cooling it below the freezing 
point, and it is this cooling which prevents the wire from 
cutting through the ice instantly, for the cooled ice is able 
to support the pressure of the wire, and the rate at which 
the cutting goes on is determined by the rate at which the 
heat absorbed from the ice below the wire can be again com- 
municated to it as the water freezes above the wire.) Since, 
with the exception of a little which escapes at the edges, all 
the water again freezes above the wire, as the block is cut 
through it becomes re-united, and when the wire has passed 
completely through it the only trace left of its passage is a 
shallow groove surrounding the block, due to the escape of 
water from the surface, ana a striated appearance within the 
ice along the plane of section. 

138, Blocks of ice floating even in warm water will 
freeze together at points where they strike each other, for 
the statical pressure produped by the blow (gentle as it may 
be) is sufficiently great to lower the freezing point consider- 
ably and therefore to melt the ice in the immediate neigh- 
bourhood, when some of the water escaping with ita \»tex&» 
heat the rest immediately freezes on \tas "^T^s&xrra \*»x^ 
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relieved. In the same way pieces of ice may be compressed 
in a boxwood mould by hydraulic pressure, and on relieving 
the pressure a transparent block is obtained of the form of 
the mould. The binding of snow when just at the freezing 
point may be due to the same cause. If the temperature of 
the ice be much below the freezing point very great pressure 
is required to melt it, and this may account for the difficulty 
of making snow-balls when the snow is " frozen." 

139. If a bar of wood or any other material be bent, 
one side of it is compressed while the opposite side is ex- 
tended. If an attempt be made to bend a bar of ice, the 
temperature of which is the freezing point, wherever there is 
pressure the ice will be partially melted, the consequent 
contraction at once relieving the pressure and allowing the 
ice to be deformed, while the conduction of heat through the 
block tends to keep the temperature the same throughout, 
and the water gradually finds its way to parts where the 
pressure is less. In the case of a bar subjected to bending 
stress, when the portion which is most compressed begins to 
melt the greatest pressure is thrown upon the next layer, 
causing it to melt and accommodate the stress, and so on 
through the block. The production of any considerable 
flexure will of course take a long time, depending as it does 
to some extent on the passage of heat through the mass, but 
it is plain that if the temperature be exactly tne freezing 
point for atmospheric pressure, a stress, however small, will 
continue to produce change of form so long as it acts, and 
the ice will therefore behave like a very viscous fluid instead 
of a solid. 

What has just been stated will go far to explain the 
motion of glaciers, but in their case fracture of the ice no 
doubt frequently occurs in passing round a bend, but on 
coming to a bend in the opposite direction the crevasses 
thus formed are closed and the pressure causes the surfaces 
to melt while part of the water escapes, and then regelation 
takes place, completely healing the wound and obliterating 
its traces. 

140. As a general rule, if a liquid be cooled to the melt- 
ing point the process of cooling cannot be carried further 
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without solidification taking place, but water may be cooled 
considerably below the freezing point if it be carefully freed 
from air by long boiling and the surface be protected by a 
film of oil. In capillary tubes water has been cooled by 
Despretz to — 20° C. without solidifying. When water has 
been cooled in this way, if it be disturbed so that solidifica- 
tion commences, a net-work of ice crystals is suddenly formed 
throughout the mass and the temperature rises to 0° C. A 
similar action takes place in the case of certain saline solu- 
tions, such as that of sulphate of soda (Art. 67), which may 
be cooled without crystallizing; though at the lower tempera- 
ture they contain much more salt in solution than can be 
dissolved by water at that temperature. On disturbing such 
solutions a mass of crystals is quickly formed, extending com- 
pletely through the liquid, while the temperature rises on 
account of the production, of heat by crystallization (latent 
heat of solution). 

141. Most liquids and some solids when exposed to the 
air pass gradually into the gaseous state. The process by 
which liquids and solids assume the gaseous condition at 
their free surfaces is called evaporation, and the gas so 
formed is frequently called a vapour. It is not easy to dis- 
tinguish satisfactorily between vapours and gases, but the 
term vapour is generally employed for a substance in the 
gaseous condition which can exist as a liquid or solid at 
ordinary pressures and temperatures. Aqueous vapour may 
with propriety be called water-gas. In the case of a liquid 
the converse of evaporation or the passage of a substance 
from the gaseous to the liquid condition is called condensa- 
tion. When a gas passes directly into the condition of a 
solid it is said to sublime, and the process is called sublima- 
tion. A solid or liquid which passes readily into the gaseous 
condition is said to be volatile. 

142. The evaporation of water is a phenomenon which 
is continually coming under our notice, and the production 
of liquid water by the condensation of aqueous vapour is 
scarcely less familiar to us. Sometimes during a long frost 
a quantity of snow is observed slowly to vanish though the 
temperature may never rise to the freezing point, so that the 
production of liquid water is impossible-. \J&a *\tfrc \blVw&* 
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presents us with a case of the direct evaporation of a soEd. 
When hoar-frost is produced by the condensation of aqueous 
vapour upon surfaces cooled below the freezing point, we 
have an example of sublimation. Solid carbonic anhydride, 
camphor, iodine, and arsenic readily evaporate without lique- 
faction and sublime upon colder surfaces. Flowers of sulphur 
are formed by the condensation of sulphur vapour in a large 
cold chamber. Arsenic, iodine, carbonic anhydride, and some 
other substances can be obtained in the liquid condition only 
when subjected to pressures considerably above that of the 
atmosphere. 

143. If a quantity of water or other volatile liquid be 
placed in a closed vessel, evaporation will take place until 
the pressure due to the vapour alone attains a certain limit, 
which depends only upon the temperature. The quantity of 
vapour in the enclosure will then cease to increase, though 
we do not say that evaporation will cease, but rather that 
condensation takes place at the same rate as evaporation, 
and hence the amount of vapour remains constant. The 
quantity of vapour which could exist under given conditions 
in a limited space was for a long while a matter of enquiry, 
and Dalton was the first clearly to enunciate and verify 
experimentally the laws of evaporation. Dalton found that 
the greatest amount of vapour which can exist in a given 
space depends only upon the temperature, and is independent 
of the presence of any other vapour or gas which has no 
chemical affinity for it. Begnault has shewn that this law 
is not strictly true, but it is sufficiently accurate for all the 
requirements of meteorology and volumetric analysis. It is 
sometimes expressed by saying that gases and vapours act 
towards one another as vacua. 

144. Dalton's law may be easily verified experimentally 
by a method differing but slightly from that adopted by 
iJalton. The apparatus is represented in Figure 27, and 
consists of three barometer tubes with suitable supports, a 
mercury-bath about 3 feet deep nearly filled with mercury, 
and a scale or cathetometer for measuring the height of 
the mercury in the tubes. A yard of inch wrought-iron gas- 
tubing with a cap screwed to the lower end, and a cast-iron 
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or wrought-iron bason screwed to the upper Fl °- 2T - 

end constitutes a convenient mercury- bath. 
One of the tubes, A, is filled with mercury 
and then placed vertically with its lower 
end beneath the surface of the mercury in 
the bath. This serves as a standard baro- 
meter for purposes of comparison. The 
tube S is filled and supported in the same 
manner, while C is only partially filled with 
mercury, so that when inserted in the bath 
such a quantity of (dry) air occupies the 
tube as to cause the mercury to stand at 
about one half the height of the barometer. 
The position of the surface of the mercury 
in C should be carefully marked on the aide 
of the tube. Now let such a quantity of 
ether be introduced by means of a pipe into 
the tubes B and C, that a little of the 
liquid remains on the surface of the mer- 
cury. If the temperature be 15" 0. the 
column of mercury will be depressed below 
that in the standard barometer by about 
354 millimetres, and if the tube B be slowly 
lowered into the mercury-bath the mercury 
will rise in the tube, the ether vapour being 
condensed, but the surface of the mercury 
will always remain 354 millimetres below 
that in the standard barometer till the whole of the vapour 
is condensed and the tube completely filled with mercury and 
liquid ether. On again slowly raising the tube the ether 
will evaporate, the surface of the mercury remaining at the 
same height as before, below that in the standard tube A. 
If the tube be lowered rapidly the condensation of the ether 
vapour will cause a rise in the temperature, and the pressure 
of the vapour will be increased. If the tube be rapidly 
raised the pressure of the vapour will be diminished through 
the cold caused by evaporation. 

On the introduction of the ether into the tube the 
mercury will be seen to fall, but not so far as in B, because 
as the mercury falls the air in the tube expands and its 
pressure is consequently diminished, Nov l«v ^J&& \nJor. & 
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be lowered in the bath until the mercury rises to the point 
marked on the tube, and the air consequently occupies the 
same volume and exerts the same pressure as before. It 
will then be found that the tube has been lowered through 
354 millimetres, or the mercury in the tube stands at a lower 
level than before the introduction of the ether by 354 milli- 
metres, and since the pressure of the air is unchanged it 
follows that the ether vapour must exert a pressure equiva- 
lent to 354 millimetres of mercury, and therefore exerts the 
same pressure in the presence of the air as in the tube B 
which contains no air. 

145. If a little alcohol be introduced into the tube B 
it will immediately absorb some of the ether vapour and 
cause the mercury to rise on account of the great affinity 
which alcohol possesses for ether ; bisulphide of carbon and 
many other liquids act similarly, shewing that the pressure 
of the vapour produced by a mixture of two liquids which 
dissolve one another may be less than that of their more 
volatile component 

For rough purposes it is convenient to close the upper 
ends of the barometer tubes by two glass taps a small dis- 
tance apart, or to attach to them a short piece of indiarubber 
tube with two pinch taps upon it, a small funnel being placed 
at the top. This arrangement enables the tubes to be filled 
with mercury by pressing them down into the bath till the 
mercury rises above the upper tap, the taps being open, and 
then raising them with the taps closed. By pouring the 
ether into the funnel and then opening first the upper tap 
and subsequently, after closing this, the lower tap, a small 
quantity of ether can be passed into the tuba 

146. Dalton, afterwards Gay Lussac, and, still later, 
Regnault measured the pressure of aqueous vapour in the 
presence of water at temperatures below 100° C. by the 
depression of the mercury in barometer tubes as above 
described, the experimental tube being surrounded by a 
bath of hot water by which its temperature could be ad- 
justed, while the mercury was observed through the glass 
front of the bath and corrections made for the expansion of 
the mercury itself. For very low temperatures Gay Lussac 
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lent the top of his tube so as to incline it downwards and 
dipped the end into a freezing mixture, since the pressure of 
the vapour must always be that due to the temperature of 
the coldest part of the tube to which it has access. Regnault 
followed thf sam{ method, and some of his results are^ven 
in the Table in Art 167. 

147. The fact that the. pressure of aqueous vapour in 
any space must be that due to the coldest part of the space 
to which the vapour has access explains the process of dis- 
tillation. If two vessels A and B, of which A contains a 
volatile liquid, be connected by a tube, and A be maintained 

. at a temperature above that of B, the vapour in B will be con- 
densed until its pressure is not greater than that due to the 
temperature of B, while evaporation will go on in A so long 
as the pressure of the vapour there is less than that due to 
its temperature ; moreover, vapour will pass from A to B if 

' the pressure of the vapour in A be greater than in B (though 
if the vessels contain air or other gas the diffusion of the 
vapour will be a slow process). Hence, evaporation will go 
on in A and condensation in B so long as the temperature 
of A is higher than that of B. 

148. Wollaston's cryophorus consists of two glass bulbs 
connected by a tube and containing sufficient water to about 
half fill one bulb. The water is boiled to expel all the air 
before the tube is finally sealed, and when this has beep. 
done the sealing is effected with a blow-pipe flame. If the 
water be turned into the bulb A, and B be placed in a 
freezing mixture of ice and salt, condensation will take place 
so rapidly in B and evaporation in A that, on account of the 
heat absorbed in the latter process, the water in A becomes 
completely frozen, 

149. As its temperature rises the pressure which a va- 
pour in contact with its liquid is capable of exerting goes on 
increasing, while the density of the vapour itself increases in 

' consequence of increased evaporation. If a liquid be exposed 
to the open air while its temperature is gradually raised, the 

" pressure which the vapour can exert will at length exceed 
that of the air, and then if a, bubble of pure to^qtcx \*fci<3«\»s&. 
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within the liquid itself it will rise to the free surface and 
then escape, since the pressure to which it is exposed is in- 
sufficient to condense it When bubbles of pure vapour are 
formed within the liquid itself the liquid is said to boil 
This may happen as soon as the temperature has risen so far 
that the pressure which the vapour can exert exceeds at- 
mospheric pressure. 

Def. The temperature at which the pressure which can he 
exerted by a vapour in the presence of its liquid is equal to 
that of the standard atmosphere is called the boiling point of 
the liquid. 

150. The difference, then, between evaporation and ebul- 
lition or boiling consists in this, that in evaporation gas is 
formed only at the free surface of the liquid, while in ebul- 
lition bubbles of vapour are formed within the liquid itself 

151. When a kettle is being heated the water next the 
bottom first reaches the boiling point, and bubbles of steam 
are formed there. These rising through the liquid reach a 
stratum where the temperature is insufficient to allow the 
steam to exist at the temperature to which it is exposed, and 
the bubbles contract with a sharp sound. These sounds hap- 
pening with sufficient frequency link themselves into a 
musical note producing the singing of the kettle. This sound 
gets feebler as the bubbles contract less sharply, and is 

{presently exchanged for the smooth rolling sound of ebul- 
ition as the bubbles at length escape from the free surface. 

152. When a liquid boils, so long as the pressure to 
which it is exposed remains the same the temperature of 
the vapour immediately above the surface remains constant, 
though the temperature of the liquid itself may be somewhat 
different from that of the vapour. The presence of salts in 
water raise the temperature of the water, and this tempera- 
ture moreover depends on the nature of the containing vessel. 
Hence in determining the boiling points on thermometers 
they are immersed in the steam and not in the water itselt 
(Art. 13.) 

153. It was stated in Article 149 that if a bubble of 
vapour be formed within a mass of liquid whose temperature 
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i£ above the boiling point, and the liquid be subjected to 
atmospheric pressure, the bubble will not be condensed, but 
it does not follow that such bubbles will be formed immedi- 
ately after the boiling point is reached. If water be very 
carefully freed from air by boiling, it is possible to heat it 
considerably above the boiling point without the formation 
of bubbles of steam, on account of the resistance offered by 
the water to any breach in the continuity of its mass, such as 
would be produced by the formation of steam bubbles within 
it. The boiling by bumping which often takes place with 
water, and especially with strong alkaline solutions, is due to 
this superheating of the water and the consequent genera- 
tion of a large quantity of steam suddenly. The introduction 
of a piece of metal which can decompose water invariably 
sets free steam with explosive violence, and the temperature 
falls nearly to the boiling point. The presence of oil on the 
surface of the water favours the superheating ; and Dufour, 
by suspending drops of water in a mixture of linseed oil and 
oil of cloves, succeeded in raising their temperature to about 
180° C. without ebullition, though the pressure of steam in 
the presence of water at that temperature is equal to nearly 
ten times the standard atmosphere. It is so difficult to re- 
move the last trace of dissolved air and other gases from 
water, that it has been said that the phenomenon of pure 
water boiling has not yet been witnessed. 

154. Since the temperature of steam above the surface 
of boiling water depends only on the pressure, it follows that 
if we can determine the temperature of steam above the sur- 
face of boiling water at any place, we may find, by reference 
to tables constructed for the purpose, the barometric pressure 
to which it is subjected. The hypsometer described in Art. 12 
enables us to do this, and may therefore be employed instead 
of a barometer for the determination of the heights of moun- 
tains. It is from its employment for this purpose that the 
instrument derives its name. 

155. We have said that the temperature at which a 
liquid boils depends upon the pressure to which it is exposed, 
and have defined the boiling point of a liquid as that tem- 
perature at which the pressure of its va^owx \& fcojask \»<a ^fe 
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atmospheric pressure. If the temperature o? the liquid be 
higher than this, vapour may be generated within its mass, 
and the liquid will then boil If the vessel containing 
the liquid be open, the boiling will continue as long as there 
is any liquid present at a temperature above that at which it 
can boil under the atmospheric pressure, but if the liquid 
be in a closed vessel its own vapour will increase the pressure 
upon it, and presently the boiling will cease provided the 
temperature be kept constant. 

If there be no air, or gas other than the vapour of the 
liquid, above its surface, the whole pressure on the free 
surface of the liquid is due to the pressure of its vapour, and 
the amount of vapour in the unit of volume will therefore 
be that which is capable of exerting this pressure at the 
temperature of the enclosure* Since the pressure under 
which liquids boil increases very rapidly with the tempera- 
ture, much more so than the pressure of a given mass of 
vapour at constant volume, it follows that the density of 
the vapour above the surface of the liquid will increase 
rapidly with the temperature. 

156. If a quantity of warm water at a temperature con- 
siderably below 100° C. be placed under the receiver of an 
air-pump, and the air rapidly removed, the water will boil 
violently, shewing that the temperature at which water boils 
is lowered by diminution of pressure. 

The same may also be shewn in a striking manner by 
boiling a quantity of water in a glass flask until the air 
above it has been expelled by the steam, corking the neck 
of the flask, and pouring a stream of cold water over it. 
The water in the flask will then be seen to boil vigorously. 
In this case, the steam in the upper part of the flask is 
cooled much more than the mass of water below it. Its 
temperature is therefore reduced below the boiling point 
corresponding to its pressure, and part of the steam is con- 
sequently condensed. On account of this, the pressure on 
the surface of the water is diminished, but the temperature 
of the water is, for some time, only slightly lowered by the 
stream outside, hence its temperature is sensibly above the 
boiling point corresponding to the pressure on its surface. 
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The water therefore boils violently, the steam produced 
being in its turji condensed ; and this process can be carried, 
on for a considerable time. 

157. Now suppose that a quantity of liquid is placed in 
a closed vessel, and that there is dry air above its surface. 
Suppose also that the temperature of the water is sensibly 
above the boiling point corresponding to the pressure of the 
air above it, and is kept constant The liquid will then boil 
violently until the pressure on its surface is equal to the 
maximum pressure of vapour at the temperature which the 
Kquid possesses. When this stage is reached, the pressure on 
the liquid is the sum of the pressures exerted by the air and 
by its own vapour, and the greater the pressure of the air 
the less will be the amount of vapour per unit volume when 
the liquid just ceases to boil. 

It is found however by experiment that the formation of 
vapour in a closed vessel, when air, or any gas other than 
the vapour, is present, does not stop when the liquid ceases 
to boil, but goes on until the pressure exerted by the vapour 
alone is the maximum pressure which it can exert at the tem- 
perature of the liquid. During this process no bubbles of 
vapour are formed in the liquid, as is the case during boiling, 
but the vapour appears to be quietly formed at the surface, 
that is, by evaporation. 

158. Thus, in accordance with Dalton's law, a liquid will 
go on evaporating till the pressure of its vapour alone reaches 
a certain value depending only on the temperature, and in- 
dependent of the presence of any amount of other vapours, 
or gases, in the same space. If a quantity of water be placed 
in a closed vessel with dry air above it, though the pressure 
of the air may be far too great to allow of the water boiling, 
nevertheless vapour will be formed till the amount above the 
water is the same as if no air had been present, the only 
difference being that in the case we have supposed the whole 
of the vapour is produced by slow evaporation, while if the 
water had been placed in vacuo its formation would have 
been much more rapid and accompanied with ebullition. We 
also see that the pressure on the water will finally exceed 
that exerted by the air, however great this may be, by a 
quantity depending only on the lemperataxtfc *& *&w^ «tata&» 
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This is sometimes expressed by saying that different gases 
and vapours act towards one another as vacua* 

159. The rate at which evaporation appears to take 
place depends upon the temperature of the liquid and the 
rate at which vapour can escape from the neighbourhood of 
the surface ; hence movements of the air increase the ap- 
parent rate of evaporation. According to Dalton, the rate at 
which water evaporates in calm air at ordinary pressure is 
proportional to the difference between the maximum pressure 
of vapour at the temperature of the water and that of the 
vapour existing in the air. 

The apparent rate of evaporation is really the difference 
between the rates at which particles leave the liquid and 
become gas and that at which particles of gas enter, and 
remain within, the liquid, that is, the difference between the 
rates at which evaporation and condensation take place. 

160. If a quantity of liquid be placed in a closed vessel 
and gradually heated above the boiling point the pressure of 
the vapour will increase and exceed the atmospheric pressure. 
The pressure may be measured by causing the vessel to com- 
municate with any convenient pressure-gauge, as, for example, 
An ordinary manometer or U tube containing mercury, one of 
whose arms is open to the air, while the other communicates 
with the vessel. The difference in the level of the mercury 
in the two tubes indicates the excess of the pressure of the 
vapour over that of the air. If the pressures are very great 
a continuous syphon-gauge may be employed, consisting of a 
number of U tubes connected together and half filled with 
mercury, while the spaces between the mercury in consecu- 
tive tubes are filled with water or other nearly incompres~ 
sible fluid. The sum of the differences in level of the surfaces 
of the mercury in the arms of each tube, added to the height of 
the barometer and diminished by the column of mercury 
which is balanced by the water or other liquid, indicates the 
pressure of the vapour, 

161. Since it is generally impossible to raise the tem- 
perature of water above that at which it boils under the 
pressure to which it is exposed, in order to raise it to high 
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temperatures it must be confined in a closed vessel. Papin's 
digester is a strong vessel (furnished with a safety-valve), in 
which water can be raised to a temperature considerably 
above 100° C, for the purpose of dissolving gelatine from 
bones, &c. On high mountains water boils at a temperature 
so low as seriously to interfere with culinary operations* 
Thus on the top of Mont Blanc the temperature of water 
boiling in the air is not much above 82° C, 

Sometimes it is of importance to cause liquids to boil at 
temperatures below their ordinary boiling points, and for 
this purpose it is necessary to reduce the pressure to which 
they are exposed below the ordinary atmospheric pressure. 
The introduction of the vacuum pan in the refining of sugar, 
enabling the syrup to boil at about 66° C, allowed the process 
to be carried on without the production of the large amount 
of uncrystallizable sugar which always took place when the 
boiling was conducted at a higher temperature. 

162. Def, When the amount of any vapour in a space 
is the greatest that can exist in it without increase of tem- 
perature, the space is said to be saturated with the vapour. 

Def, The temperature at which any space is saturated 
with the aqueous vapour it contains is called its Dew-point. 

If the temperature in a space containing an amount of 
aqueous vapour insufficient to saturate it be lowered, the 
space will at length become saturated, and the corresponding 
temperature is the dew-point. On still further lowering the 
temperature, condensation of part of the vapour takes place 
and the space remains saturated. 

163. From what has been said it will be seen that air 
in the presence of water must contain a quantity of aqueous 
vapour, and thus all the air around us contains more or less 
vapour, some of which will be condensed if the air be suffi- 
ciently cooled, condensation commencing when the dew- 
point is reached. 

If we have a table giving us the pressure of aqueous 
vapour for different temperatures in a space saturated with 
it, or, what is the same thing, the boiling point of water 
corresponding to different pressures, tfofe tateTOKx^sfe. A 
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the amount of aqueous vapour in any volume of air may 
be reduced to a determination of the dew-point. The de- 
termination of this point is therefore a matter of considerable 
importance, and several instruments have been constructed 
for the purpose. 

1G4. A simple form of dew-point instrument, introduced 
by Mr Dine, consists of a metal box covered with a piece of 
polished black glass, a thermometer being placed with its 
bulb in close contact with the glass. A stream of cold water, 
whose rate can be regulated at pleasure, is made to flow 
through the box, and when a film of moisture begins to 
render dull the polished surface of the glass, the stream is 
stopped and the thermometer read. In a few seconds the 
cloud will begin to leave the glass, and the thermometer is 
again observed. The mean of the two temperatures is 
approximately the dew-point. 

165. DanielFs dew-point instrument, frequently called 
Daniell's hygrometer, is shewn in Fig. 28. A bulb A made 
of black glass is connected with the 
bulb C by the tube ABC, of clear 
glass. The bulb A contains a quan- 
tity of liquid ether, into which dips 
the bulb of a small thermometer T. 
The whole apparatus is exhausted 
of air before being sealed, so that 
the bulbs contain only ether and 
its vapour. The bulb G is covered 
with muslin or similar material, and 
when the instrument is to be used 
liquid ether is poured over the mus- 
lin. This evaporates, and in so doing 
absorbs the latent heat of evapora- 
tion (see Art. 169), cooling the bulb 
and allowing the ether vapour within it to condense, thus 
diminishing the pressure within the tube. This causes the 
sther in A to evaporate with a consequent lowering of the 
temperature of A, and after some time moisture begins to be 
deposited on the outside of the bulb. The thermometer T 
is then observed and the muslin on C is allowed to become 



Fig. 28. 



JB 




<© 




WET AND DRY BULB THERMOMETERS. 97 

dry. The temperature of A will then gradually rise, and 
when the dew upon it begins to disappear, the temperature 
of T is again observed. The mean of the two readings of T 
is taken as the dew-point. 

166. Mason's dry and wet bulb thermometers, some- 
times called August's psychrometer, are frequently used for 
determining the amount of moisture in the air. They con- 
sist of two thermometers mounted side by side, the bulb of 
one being exposed while that of the other is covered with 
lamp-cotton, or muslin, kept wet by dipping one end into a 
vessel of water, when the water rises in the cotton, as spirit 
in the wick of a lamp, and the bulb of the thermometer is 
thus kept wet. Now if the air be far from saturated with 
moisture, the water will evaporate rapidly from the cotton, 
and in doing so will cool the bulb of the thermometer below 
the temperature of the air, the amount of such cooling being 
less the more nearly the air is saturated. Empirical formulae, 
based on the assumption that evaporation continues until , 
the air is saturated at the temperature to which it is reduced, 
have been employed for the determination of the dew-point 
from the temperatures indicated by the thermometers, and if 
the current of air to which the instrument is exposed be 
gentle, the method admits of considerable accuracy. 

The determination of the dew-point, or of the amount 
of moisture in the air, is called hygrometry, and instruments 
employed for this purpose are called hygrometers, or Dew- 
point instruments, as the case may be, 

167. When the temperature of a quantity of vapour is 
above the dew-point so that the space is not saturated with 
it, the vapour is sometimes said to be super-heated. Reg- 
nault has shewn that aqueous vapour at temperatures above 
the dew-point, and between 0°C. and 25° C, obeys the gaseous 
laws with considerable accuracy. Hence if we know the 
dew-point and the temperature of the air, and are moreover 
furnished with, a table shewing the maximum pressure of 
aqueous vapour at different temperatures, we can determine 
the amount of aqueous vapour existing in a cubic foot of air. 
Balfour Stewart has proposed to measure the degree of 
humidity of the air by the ratio of ita amo\xu\* <& n«^sv«. 

a * 
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actually existing in it to that which would be required to 
saturate it at the temperature it possesses. Tables have 
been constructed by Regnault giving the maximum pressure 
of aqueous vapour for every tenth of a degree Centigrade 
near ordinary temperatures, and then for every degree up to 
230° C. A few of his results are given in the following 
Table, the pressures being expressed in millimetres of mer- 
cury at 0° C. in the latitude of Paris, and 60 metres above 
the sea level. 



Table of Pressure of Aqueous Vapour. 



Temperature. 


Pressure. 


Temperature. 


Pressure. 


Millimetres. 




Millimetres. 


- 32° a 


0-320 


90° C. 


525-450 


-20 


0-927 


100 


760-000 


-10 


2-093 


110 


1075-37 


-5 


3-113 


120 


1491-28 





4-600 


130 


2030-28 


5 


6-534 


140 


2717-63 


10 


9-165 


150 


3581-23 


15 


12-699 


160 


4651-62 


20 • 


17-391 


170 


5961-66 


30 


31-548 


180 


7546-39 


40 


54-906 


190 


9442-70 


50 


91-982 


200 


11688-96 


60 


148-791 


210 


14324-80 


70 


233-093 


220 


17390-36 


80 


354-643 


230 


20926-40 



168. As an example illustrating the subject of hygro- 
metry we may take the following : — 

Find the weight of dry air in a cubic foot of air con- 
taining aqueous vapour at 15° C. under a pressure of 30 
inches of mercury, when the dew-point is 10° C., it being given 
.that a cubic foot of dry air at 0° C and under the above 
pressure weighs 554 grains, and that the pressure of aqueous 
vapour in a space saturated with it at 10° C. is equal to the 
-pressure of '3& in. of mercury. • . 
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The amount of aqueous vapour in the cubic foot is such 

that at 10° C. it would exert a pressure equal to that of 

*36in. of mercury. Therefore by Gay Lussac's law (see 

288 
Art, 109) at 15° C. it exerts a pressure of *36 x ^™ in. of 

mercury, = '3663 ... in. of mercury. The pressure exerted 

by the dry air occupying the same volume is therefore 

equal to that of 30 - '3663 in. of mercury, = 29*6337 in. of 

mercury. Hence the volume which the dry air would 

occupy under a pressure of 30 inches of mercury at 15° C. is 

29*6337 • " 

— ^r — cub. ft., and the volume it would occupy at 0° G. 

29*6337 273 
under the same pressure is — ^ — x s^ cub. ft., and its 

• I.* • a * K~iL 29-6337 273 . 
weight is therefore 5o4 x — ^r — x ^^ grains, 

= 518*73 grains, nearly. 

169. The fact that the amount of aqueous vapour capable 
of existing in a cubic foot, or other definite amount, of space 
above the surface of water is independent of the presence of 
any other vapours or gases, is explained by the molecular 
theory in the following way. 

The theory supposes that liquid water consists of a num- 
ber of particles moving with different velocities in all direc- 
tions, but so acting on one another as to be continually 
interfering with each other's motions. It also supposes that 
the vapour consists of a number of particles also moving with 
various velocities, but not interfering with one another until 
they come very close together, when repulsion takes place 
between them. The velocities both of the particles of gas, 
or vapour, and of those of water, are increased with increase 
of temperature. The theory also supposes that there is a 
force acting for a very small distance on each side of the 
bounding surface of the liquid and gas, tending to prevent 
the escape of particles from the liquid. If a particle of liquid 
is moving towards the surface with sufficient velocity, it will 
have sufficient energy to carry it right through this field of 
force, and will then be free in space, &TA/mi^,^r2&.\*ii ^ 

n— ^ 
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particle of gas. Now we have said that increase of tempe- 
rature increases the velocity of the particles of liquid, and it 
will therefore increase the number which will escape from 
any surface of the liquid in a second. This number will 
therefore depend upon the temperature of the liquid, and be 
also proportional to its surface. Now of the particles of gas 
outside, some will be moving towards the liquid and striking 
it will enter the liquid, where they will be, as it were, taken 
prisoners by the other particles, and ceasing to be particles 
of gas will become part of the liquid. Also, the number of 
those which enter the liquid per second will be proportional 
to the extent of the surface of the liquid and to the number 
of particles of gas in the unit of volume above it It will also 
depend on the temperature of the gas. Now when the num- 
ber of particles of liquid which escape from each unit of area 
of its surface is equal to the number of particles of the gas 
which enter it through the same area, the number of particles 
of gas above the liquid will remain unchanged ; in fact, the 
space will then be saturated with the vapour, and it may be 
shewn that this final state of things, or balance of exchanges, 
will not be affected by the presence of foreign particles with 
the vapour. This explains Dalton's laws and also shews that 
the apparent rate of evaporation must depend upon the rate 
at which the vapour can get away from the liquid by dif- 
fusion through the air. 



Latent Heat of Evaporation. 

170. When a liquid begins to boil, although heat is 
continually communicated to it and the temperature of the 
vapour is not above that of the liquid, yet as long as any of 
the liquid remains its temperature will continue unchanged, 
provided that its composition be not altered. (This provision 
excludes unsaturated solutions which become more concen- 
trated on boiling, and mixtures of liquids which undergo 
fractional distillation.) The heat which enters the liquid 
during the process of boiling, as it does not raise the 
temperature, was supposed by Dr Black to become latent 
within the vapour, and this hypothesis seemed the more 
probable since this heat again becomes sensible when the 
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vapour is condensed. We now know that the so-called latent 
heat really ceases to be heat, being entirely used up in doing 
work and causing the water to become vapour in opposition 
to molecular forces and to the pressure of the air. When the 
vapour is condensed a corresponding amount of work is done 
upon the particles, and the same amount of heat is again 
produced. 

Def. The number of units of heat required to convert the 
unit of mass of a liquid or solid into vapour without change 
of temperature is called the latent heat of vaporisation, or, 
more frequently, the latent heat of the vapour* 

171. Soon after Dr Black enunciated his theory of 
latent heat, James Watt found that the latent heat of 
vaporisation of water diminishes as the temperature rises. 
The amount of heat required to raise the unit mass of water 
to any particular temperature and then to convert it into 
saturated steam, Regnault called the total heat of the steam 
at that temperature. The phrase is sometimes convenient 
though very unjustifiable. Kegnault found that the total 
heat of steam at any temperature, f C, may be represented by 

606'5 + -305*. 

■ 

Assuming that the specific heat of water is always unity 
(which is not quite true), it follows that the latent heat of 
steam at f C. must be equal to the total heat diminished by 
the t units required to raise the temperature of the water to 
t. The latent heat of steam at f C. will therefore be 
represented by 

606-5 --695*. 

Putting t equal to we have for the latent heat of 
aqueous vapour at the freezing point 606*5, while putting t 
equal to 100 we see that the latent heat of steam formed at 
the standard atmospheric pressure is 537. 

172. It is worthy of remark that (with the exception of 
certain mixtures of alcohol and water which have been shewn 
by Dr Duprfc and Mr Page to have a greater specific heat 
than pure water) water has a higher specific heat than any 
other liquid or any solid ; the latent heat of fiifcvsvi s& Ssfc Sa» 
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greater than that of any other substance ; and the latent heat, 
of steam at the ordinary boiling point is greater than that of 
any other vapour. The latent heat of Alcohol is about 202*4, 
that of Ether about 905, and that of Bromine about 45*6. 

173. The latent heat of evaporation of water, more 
generally called the latent heat of Fio. 29. 
steam, may be measured by means of 
the apparatus shewn in Fig. 29. A 
represents a flask containing boiling 
water, the steam from which escapes 
through the tube B ; G is a beaker 
containing a known weight, say 1000 
grains, of distilled water at a known 
temperature, say 14° C. When the 
steam is escaping freely from B, its 
end is made to dip nearly to the bot- 
tom of the water in the beaker. After 
a short time the tube B is removed, 
and the temperature of the water in 
the beaker observed. Suppose it to be 20° C. The beaker 
is then weighed, and the difference between this and the last- 
weighing gives the amount of steam which has entered it 
Suppose this to be 10 grains, and suppose the temperature 
of the steam, as indicated by the thermometer in A, to be 
100° C. Then 10 grains of steam in being cooled from 100° C. 
to 20° C, have raised the temperature of 1000 grains of water 
6° C. Ten grains of steam therefore in condensing and cool- 
ing from 100° C. to 20° C, emit as much heat as would raise 
6000 grains of water 1° C. But 10 grains of water in cooling 
from 100° C. to 20° C, would emit sufficient heat to raise 800 
grains of water 1° C. Hence 10 grains of steam at 100° C, 
in condensing to water at 100° C., emit sufficient heat to 
raise 5200 grains of water 1° C. The latent heat of steam is 
therefore determined by this experiment to be 520. 

174. The result obtained in the last article is, obviously, 
too small, because we have neglected the heat taken up 
by the beaker as well as that lost to surrounding bodies. 
This source of error may be eliminated by emptying the 
beaker after the last weighing, placing in it 1000 grains of 
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water at 14° C, as before, and slowly pouring into this a 
quantity of water at some known temperature, say 50° C, 
keeping the whole well stirred until the temperature of the 
water in the beaker is 20° C, the same as after the entrance 
of the steam. If about the same time be occupied in this 
process as in the admission of the steam, about the same 
amount of heat will be lost to surrounding bodies, and the 
same amount will be taken up by the beaker. Suppose the 
amount of water at 50° C, which has been poured in, to 
be 206 grains. Then since the 206 grains of water at 50° C, 
have produced the same effect as was produced previously 
by the 10 grains of steam, it follows that 10 grains of steam 
at 100° C, in becoming water at 20° C, give out as much 
heat as 206 grains of water in cooling through 30° C, or 
as much as would raise 6180 grains of water 1° C. Whence 
we get for the latent heat of steam the number 538. Its 
actual value at 100° C. is about 537. 

175. The calorimeter described in Art. 42 may with 
advantage be substituted for the beaker in this experiment. 
Care should be taken to protect the upper part of the flask 
and the tube from loss of heat by a jacket of cotton wool or 
some similar material, and a screen should be placed between 
the calorimeter and the source of heat to keep off radiation. 

176. The fact that heat is consumed by water in passing 
into the condition of vapour prevents the sudden generation 
of large quantities of steam under ordinary circumstances. 
If the latent heat of steam were zero, as soon as a quantity 
of water reached the boiling point the whole would at once 
be converted into steam, and the heating of water in an or- 
dinary kettle to near the boiling point would be a highly 
dangerous operation. There are some bodies in which, when 
they pass into the gaseous condition, such passage is accom- 
panied by a chemical change which allows work to be done 
by the chemical forces, and heat to be generated instead of 
being absorbed. Gun-cotton, Dynamite, and the like, are ex- 
amples of such bodies, and they behave very like a substance 
whose latent heat of vaporisation is negative. 

177. If a vapour be cooled below the temperature at 
which its pressure is the greatest which. cm\te s*Kt\&&. ^>*$&a^ 
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temperature by the vapour in contact with its liquid, conden- 
sation will generally commence, and if the temperature be 
lowered still further, or attempts be made to increase the 
pressure of the vapour by diminishing the space occupied by 
it, the condensation will continue, the space remaining always 
saturated. By the simultaneous action of cold and pressure 
Faraday succeeded in liquefying nearly all the gases known to 
him except oxygen, hydrogen, nitrogen (air), marsh gas, and 
carbonic oxide. He expressed his opinion that at — 166° F. 
no amount of pressure would liquefy these gases, and until 
very recently tney were called permanent gases. They obey 
" the gaseous laws" much more faithfully than do those gases 
which can be liquefied readily (Art. 119). Since Faraday's 
time (in 1877) these gases have all been liquefied, and hy- 
drogen solidified by Cailletet and Pictet. Thilorier's appa- 
ratus for the liquefaction of carbonic anhydride consists of 
two iron bottles connected by a tube. One of these vessels 
is placed in a freezing mixture of ice and salt, while carbonic 
anhydride is produced in the other by the action of sulphuric 
acid on chalk. The gas passes over and liquefies in the cold 
vessel. If the liquefied carbonic anhydride be allowed to es- 
cape into the air through a fine jet, the bottle being inverted 
for that purpose, the cold produced by the rapid evaporation 
causes some of the material to freeze, forming carbonic anhy- 
dride snow, which may be collected by discharging the liquid 
into a wooden box perforated so that the gas can escape, 
when the solid is left in the box. Andrews' apparatus for the 
condensation of carbonic anhydride will be described in 
Art. 180. 

178. The temperatures and pressures at which several 
gases have been liquefied are given in the following table. 

Pressure in Atmospheres. Temperature. 



Sulphurous Anhydride 


2 


7° C. 


Chlorine 


4 


15°5 


Cyanogen 


4 


15°-5 


Ammonia 


H 


10° 


Sulphuretted Hydrogen 


17 


10° 


Carbonic Anhydride 


36 


0' 


Hydrochloric Acid 


40 


10°. 


Nitrous Oxide 


50 


7° 
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179. The action of freezing mixtures depends upon the 
latent heat absorbed by bodies in fusing or evaporating. If 
ice and salt be pounded together, the ice melts through the 
action of the salt, absorbing the latent heat of fusion, and if 
the materials be originally at 0° C. a temperature of — 20° C. 
may be produced. The action of sulphuric acid on crystals 
of sodic sulphate is very similar. The rapid evaporation of 
liquids produces still greater degrees of cold. If two watch 
glasses be moistened with water and placed under the re- 
ceiver of an air pump, by quickly exhausting 
the receiver the glasses may be frozen together. Fig. 30. 
The evaporation of water in air at ordinary 
pressure will serve to freeze small quantities 
Of water if the temperature of the air be 2° C, 
provided that it be perfectly free from vapour. 
JBy mixing solid carbonic anhydride with ether 
and allowing the mixture to evaporate in vacuo, 
Faraday obtained a temperature of — 110° C 
By causing a mixture of carbonic bisulphide 
and liquid nitrous oxide to evaporate in vacuo, 
batterer obtained a temperature which he 
estimated at — 140° C, 



180. Dr Andrews' apparatus for the com- 
pression of gases consists essentially of a tube 
of glass, of which the upper portion has a very 
fine bore, while both the bore and external 
diameter of the lower part of the tube are 
considerably greater. This tube contains the 
gas to be compressed. The lower part of the 
tube is immersed in mercury contained in a 
test-tube which is suspended in a copper 
cylinder. The conical shoulder of the tube 
rests in a corresponding seat in the cover of the 
cylinder which is screwed down upon a flange 
attached to the top of the cylinder, a leather 
washer covered with lard being placed between 
the grooved surface of the flange and cover. 
The copper cylinder is filled with water, and 
a slender steel screw entering at the bottom 
serves to diminish the capacity of the cylinder^ 
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and thus to produce the requisite pressure. On screwing 
up the steel screw the pressure of the water drives the mer- 
cury from the test-tube up the thermometer-tube, compress- 
ing the gas above it. 

If the tube be filled with pure carbonic anhydride at 
13*1° C. when the pressure reaches about 48 atmospheres the 
gas begins to liquefy, the pressure remaining constant until 
the whole has assumed the liquid condition. On increasing 
the pressure the liquid will be seen sensibly to contract. On 
diminishing the pressure the liquid again expands, and if the 
pressure be rapidly relieved the liquid will boil violently, 
bubbles of gas being formed in its midst as soon as the pres- 
sure becomes sensibly less than 48 atmospheres. At 21*5° C. 
carbonic anhydride requires a pressure of about 60 atmo- 
spheres to liquefy it, while at temperatures above 30*9° C. no 
amount of pressure we can apply will reduce it to the liquid 
condition, but of this we shall speak shortly. 

181. The apparatus with which Cailletet first succeeded 
in liquefying air differed only from that of Andrews just 
described in the manner in which the pressure was produced, 
and in having a stop-cock by which the water could escape 
from the cylinder, thus allowing the pressure to be suddenly 
relieved. In Cailletet's apparatus the cylinder was connected 
with a powerful force-pump somewhat similar to the force- 
pump of a Bramah press, and the pressure applied by its 
means. The thermometer tube containing the gas was 
cooled by a freezing mixture to about — 2{J° G, and pressure 
of about 300 atmospheres was applied, but under this pressure 
carbonic oxide, nitrogen, oxygen and hydrogen retained the 
gaseous state. On suddenly relieving the pressure by 
turning the stop-cock, the rapid expansion of the gas 
occasioned so great a diminution of temperature that in the 
case of each of these gases a liquid spray was produced in the 
tube. 

i 

182. Pictet worked on a somewhat larger scale than 
Cailletet. By . the employment of double-action pumps, 
which served to exhaust the gas from one vessel and to com- 
press it in another, Pictet liquefied a quantity of sulphurous 
anhydride in a large tube, and by pumping the gas out from 
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one end of the tube, liquefying it in a cold vessel by pressure 
and then causing the liquid to enter the other end of the 
tube, he kept up a constant circulation of the same sulphu- 
rous anhydride. In the interior of the sulphurous anhydride 
tube was placed another tube into which carbonic anhydride 
passed from the vessel in which it was generated. The rapid 
and continued evaporation of the sulphurous anhydride 
under the diminished pressure kept up by the pumps cooled 
the carbonic anhydride so much as to liquefy it under the 
pressure to which it was exposed. The liquid carbonic 
anhydride then flowed into a tube, through the centre of 
which was passed a smaller tube into which was forced the 
air or other gas to be liquefied. A second set of pumps 
removed the carbonic anhydride as it evaporated, and forced 
the gas so removed back into the tube immersed in the 
sulphurous anhydride, thus keeping up a constant circulation 
of the carbonic anhydride. A third set of pumps forced air 
or any other gas to be examined into the narrow tube 
immersed in the liquid carbonic anhydride which was 
rapidly evaporating under the action of the pumps. The 
tube containing the air (or other gas) was provided with a 
stop-cock by which the pressure could be suddenly relieved. 
The temperature of the gas, already cooled by the evaporation 
of the carbonic anhydride, became so much lowered by the 
sudden expansion that a liquid spray was produced in all the 
cases tried, and it was stated that hydrogen became solidified 
into a grey metallic substance. 

183. M. Cagniard de la Tour in 1822 enclosed a quantity 
of alcohol in a tube so as to occupy about two-fifths of the 
volume of the tube. A small pellet of mercury separated 
the alcohol from the air, which at first filled the remainder 
of the tube, and the compression of this air served to measure 
the pressure to which the alcohol was exposed. On raising 
the temperature to about 225° C. (according to Cagniard de 
la Tour) the alcohol suddenly disappeared, or rather, the 
surface separating it from its vapour vanished, the pressure 
recorded being about 129 atmospheres. In another experi- 
ment, when the alcohol filled much more than two-fifths of 
the, interior of the tube, an explosion took place, but when 
the volume of the alcohol was much less, it ail m^swiwaL 
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before reaching the temperature at which the surface van- 
ished in the first experiment. A similar result was obtained 
with ether, naphtha, and water, but in the case of water it 
was necessary to add a little sodic carbonate to prevent the 
solution of the glass. These experiments were afterwards 
repeated and the results verified by Faraday, and more 
recently by Andrews. As the temperature is raised the 
bounding surface of the liquid becomes less and less curved, 
indicating a diminution of the surface tension, and at the 
same time less distinct, until it becomes perfectly plane just 
before it vanishes altogether. Immediately after the vanish- 
ing of the surface a flickering haziness is sometimes noticed 
in the tube, as if some of the contents alternately became 
liquid and then gaseous again. It seems that as the tem- 
perature is raised the vapour becomes more and more dense 
through increased evaporation, while the liquid expands, 
becoming less dense, so that the properties of the two gra- 
dually approach one another, and at length the whole 
becomes apparently one continuous mass. This temperature, 
at which the liquid and the gaseous states merge into one 
another, has been called by Andrews the critical paint. 

As the temperature is raised the latent heat of evapora-: 
tion of liquids diminishes, indicating that less energy is 
required to effect the transformation of the liquid into the 
gas, and this diminution appears to continue without limit as 
the temperature approaches the critical point, so that when 
this temperature is reached the latent heat of evaporation 
becomes nil, the liquid and gaseous states being in fact iden- 
tical. When a substance is heated above the critical tem- 
perature it seems to be impossible to liquefy it by pressure. 
Faraday was of opinion that — 66° C. is above the critical 
temperature for air, oxygen, hydrogen, nitrogen, carbonic 
oxide and marsh gas. Air can be easily compressed to a 
density far exceeding that of water without any apparent 
change taking place in its constitution. 

184. Dr Andrews has very carefully studied the be- 
haviour of carbonic anhydride when near the critical point by 
means of his apparatus for the compression of gases described 
in Art. 180. By. surrounding the thermometer-tube by a 
rectangular case with plate-glass front and back, and filling 
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this case with water whose temperature could be very accu- 
rately adjusted, he has found the critical temperature to be 
30*92° C. In order to obtain a substance in the critical state 
it is necessary not only to adjust the temperature to the 
critical point, but also the pressure to what may be called 
[the critical pressure. These two conditions will determine 
the volume of any given quantity of the substance, and 
'therefore its density, so that we may speak of the critical 
temperature, critical pressure, and critical volume of a sub- 
stance. Hence the difficulty of observing the phenomena 
attending the passage of a substance through the critical 
point when sealed in a glass tube, for if the volume of the 
tube exceed the critical volume the substance will entirely 
evaporate before reaching the critical temperature, while if it 
fall short of the critical volume the liquid will expand till it 
fills the tube, and the substance will remain entirely in the 
liquid state until the tube bursts; or, if the tube be strong 
enough to resist the pressure, the liquid will pass by a con- 
tinuous process into the gaseous state, as the critical point is 
reached, without any change taking place in its appearance, 
so that the contents of the tube will be partly liquid and 
partly gaseous, so as to shew the bounding surface of the 
liquid when the critical point is reached. 

The critical temperature and pressure of some substances 
as determined by Dr Andrews are given in the following 
table: 







Pressure in 




Temperature. 


atmospheres. 


Carbonic Anhydride 


' 30°-92 C. 


75 


Ether 


187° -5 


375 


Alcohol 


258° 7 


1J9 


Carbonic Bisulphide 


262° -5 


665 


Water 


411° -7 


• 



185. If the temperature of a substance be raised above 
the critical point, so that the whole becomes gaseous, and be 
then gradually lowered, the pressure being maintained above 
the critical pressure, the substance will pass continuously 
from the gaseous to the liquid state as the temperature 
passes through the critical point, no apparent change taking 
place in the nature of the contents of tha tukfe\ Vrok *sol«otL- 
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ciently diminishing the pressure after the temperature has 
fallen below the critical point the liquid will be seen to 
boil. 

18C. By placing the tube of Andrews' apparatus in a 
solar microscope in front of an oxyhydrogen or electric lamp, 
the radiation from the lamp suffices to raise the temperature 
of the tube above the critical point for carbonic anhydride, 
and at the same time to project an image of the contents 
(magnified say 100 diameters) on a screen suitably placed 
A blast of air from a bellows seems to lower the temperature 
below the critical point when required without interfering 
with the image on the screen. By this means all the phe- 
nomena above described as attending the passage of carbonic 
anhydride through the critical point can be exhibited. 

187. If a clean metal plate be heated to redness and a 
drop of water placed upon it by means of a pipe, the drop 
will evaporate but slowly, provided the temperature of the 
metal be kept up, but if the metal be allowed to cool, the 
drop will presently pass into vapour with explosive violence. 
If the surface of the metal be slightly convex upwards, the 
drop can be easily held at the highest point of the surface by 
means of a cold wire inserted in the arop, but not touching 
the hot metal. It is then easy to see that the drop is not in 
contact with the metal surface, but is supported slightly 
above it, as shewn in Fig. 31. That Fig. 31. 

the drop is not in contact with the hot 

metal may also be shewn by connecting the ' 

wire which is inserted into the drop with one pole of a 
battery, the other pole being connected through a galvano- 
meter with the hot plate. In this case no deflection of the 
galvanometer will take place so long as the plate is suffi- 
ciently hot to support the drop as above described, but if the 
temperature be lowered till vapour is produced with ex- 
plosive violence the galvanometer will at the same time be 
deflected, indicating that the drop has come into contact 
with the plate, which of course accounts for the sudden 
generation of steam. So long as the drop is supported with- 
out coming into contact with the hot metal, its form is 
'approximately spheroidal, though flatter at the lower than 
at the upper, surface, and this condition of the drop is called 
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the spheroidal state. Having been first carefully examined 
by Leidenfrost, it is frequently known as Leidenfrost's phe- 
nomenon, 

188, All liquids which readily evaporate can be made 
to assume the spheroidal condition ; but for a given metallic 
surface, the lowest temperature at which the spheroidal con- 
dition can be produced depends on the nature of the liquid 
and the pressure to which it is exposed. As a general rule 
the more volatile the liquid the lower the temperature re- 
quired, while for a given liquid reduction of pressure allows 
diminution of temperature, since it facilitates evaporation. 

The proximity of the heated metallic surface causes rapid 
evaporation to take place from the lower surface of the drop, 
and this rapid production of vapour from one surface only 
prevents the drop approaching the metal plate within a 
certain distance (for as it comes nearer the rate of evapora- 
tion must increase), in the same way as the expulsion of a 
stream of water from the stern of a ship propels the ship, or 
the expulsion of the shot from a gun causes the latter to 
kick; or again, the expulsion of the steam-jet from Hero's 
engine or " the little marvel " produces rotation of the boiler. 
Any circumstance which accelerates evaporation of course 
facilitates the assumption of the spheroidal condition, but if 
the liquid once comes absolutely into contact with the metal, 
,it becomes rapidly heated throughout and boils with ex- 
plosion. 

189. It was by availing himself of the spheroidal state 
of volatile liquids that Faraday was able to freeze water and 
mercury in a white-hot platinum crucible. By rapidly 
injecting a mixture of liquefied sulphurous anhydride and 
,ether into the hot crucible the liquid was made to assume 
the spheroidal condition, so as to form a large " drop " with- 
out coming into contact with the vessel. Rapid evaporation 
quickly lowered the temperature of the drop sufficiently to 
freeze a small quantity of mercury held in a spoon near its 
centre. By employing a solution of solid carbonic anhydride 
in ether, in place of the mixture first used by Faraday, the 
experiment is greatly facilitated, 
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190. If a tolerably large spheroid of water be formed in 
a clean platinum cup it will be frequently seen to assume a 
beaded appearance, always exhibiting however an even num- 
ber of beads around its circumference, as shewn by the con- 
tinuous lines in A a , B v C a (Fig. 32). On examining the drop 

Fig. 32. 






a 







carefully the outline of the beads will be seen to be con- 
tinued in a fluted form within the drop as shewn by the 
dotted lines in A v 2? 8 , C 8 . If the room be darkened and the 
drop illuminated by electric sparks it will be seen to be 
constantly changing its form. Thus, if when examined by a 
continuous light it present eight beads as in 2? 8 , when illu- 
minated by the sparks it will present four beads and four 
flutes, sometimes appearing as B x and sometimes as B % . The 
drop is in this case vibrating like a bell which is sounding 
the second harmonic above the fundamental note, and there- 
fore possessing eight vibrating segments, and the figure B 9 
seen by a continuous light is but the superposition of the 
images of .the drop in its extreme vibration forms shewn at 
B t and 2? 2 . It is easy to obtain all the forms shewn in fig. 
31, the decagon, C v being apparently an especial favourite, 
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but generally the number of segments diminishes as evapo- 
ration reduces the size of the drop. Sometimes the drop 
will rotate about a vertical axis while vibrating, and this of 
course multiplies the apparent number of vibrating segments 
when viewed by a continuous light, but the sparks soon 
indicate the true state of the case. 

191. Many accidental causes may serve to start vibra- 
tions in a spheroid. Sometimes a quick but gentle touch 
with a hot wire will start them, but if the spheroid, be left 
to itself something generally happens to produce a vibration. 
Once set up the production of vapour is a sufficient cause to 
sustain them, for more vapour will be produced from the 
projecting segments than from the others, and this vapour 
will escape frotn underneath them and so press against their 
edges as they recede, while the escape of vapour past the 
edges of the advancing segments will be somewhat less. We 
thus have a periodical force and supply of energy acting in 
such a manner as to sustain the vibrations. 

192. Many solids evaporate at temperatures below that 
at which they melt under ordinary pressure, and increase of 
pressure or diminution of temperature causes the vapour at 
once to return to the solid form. The direct passage of a 
vapour into a solid is called sublimation. Camphor, iodine, 
ammoniacal salts, and some other volatile solids frequently 
sublime upon the surfaces of vessels containing them. When 
aqueous vapour is condensed upon surfaces at a temperature 
below the freezing-point hoar-frost is produced which is 
consequently sublimed water. 

If a block of ice be placed in a vacuum at a temperature 
below the freezing point it will evaporate until the pressure 
of the vapour attains a certain amount depending on the 
temperature. Regnault has investigated the pressure of 
aqueous vapour in the presence of ice through a range of 
several degrees below 0° C. By carefully cooling water below 
0° C, so as not to cause it to solidify, he also determined the 
pressure of aqueous vapour in the presence of water for a 
few degrees below 0° 0., and found the result was not quite 
the same as when only ice was present. There is, however, 
a particular temperature at which water, ice, and aqtieoua 
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vapour can exist within a closed vessel, no other substance 
being present in the enclosure. The necessary condition for 
such coexistence is obviously that the pressure of aqueous 
vapour at this temperature should be the same whether it be 
in the presence of ice or water, and should be the pressure 
for which the existing temperature is the melting point of 
ice. This temperature is called the triple paint ; it is about 

o-oorc. 

193. It may be of use briefly to trace the changes which 
take place in a mass of ice when heated. 

Suppose we have a pound of ice at — 20° CL When 
heated it expands, its coefficient of expansion being about 
•00012 per 1 C, and its specific heat about *5. It will thus 
absorb about 10 units of heat, while its temperature is raised 
to 0° C, before it begins to melt. The substance will then 
remain at this temperature till it has absorbed about 79*5 
units of heat, when it will all have been converted into water, 
and in the transition its volume will have contracted by 
about 9 per cent. The temperature will then go on increas- 
ing steadily, the water contracting in bulk till its temperature 
reaches 4°C., after which it will continue to expand until 
about 101 units of heat have entered the water, when its 
temperature will be 100° C, and its volume will have increased 
by rather more than 4 per cent, of its volume as water at 
0° C. The water will then begin to boil, and if the heat be 
continued, the whole will pass off as steam, absorbing in the 
process about 537 units of heat, and expanding to about 1600 
times the volume of the water, the barometer being supposed 
to stand at 30 inches. Thus the amount of heat absorbed in 
the transformation of a pound of ice at — 20° C, to steam at 
100° C. is 

10 + 79-5 + 101 + 537 units = 727'5 units, 
or, as much as would raise 727*5 lbs. of water through 1° 0, 
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CHAPTER VIL 

EFFECTS OF HEAT UPON THE MECHANICAL, MAGNETIC, AND 
. ELECTRICAL PROPERTIES OF BODIES. THERMO-ELE&- 
TRICITY. PELTIER EFFECT, THERMO-PILE. 

194, We have seen (Art. 64) that a piece of India, 
rubber stretched by a weight will contract if heated. Hence 
it appears that in the case of India rubber the elasticity is 
increased by raising the temperature. The reverse is the 
case with the majority of bodies which become less and less 
elastic as their temperature is raised, till at length they 
become viscous fluids. The ultimate strength of materials is 
also affected by change of temperature. Wrought iron is 
said to have the greatest strength to resist tension near the 
boiling point of water. When the temperature is raised 
much above this the strength of the iron rapidly diminishes. 
It is for this reason that both wrought and cast iron are 
almost useless as weight bearers in the construction of fire- 
proof buildings. 

195. By raising solid bodies to a high temperature and 
then slowly or rapidly cooling them their physical constitu- 
tion may sometimes be changed considerably. By very 
slow cooling from a high temperature some bodies are ren- 
dered soft and tough, while they become hard and brittle if 
cooled rapidly. Thus steel may be made very soft and 
pliable by heating it to redness and cooling it very slowly, 
but if cooled from a red heat by plunging it into water it 
becomes sufficiently hard to scratch glass. Steel is generally 
tempered by first hardening it and then heating it to a 
certain temperature, depending on the degree of hardness 
•required, and allowing it to cool rapidly from this tempera- 
ture. The higher the temperature to which the steel ik 
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raised in the second heating (such temperature being kept 
considerably below that to which it was previously raised to 
harden it) the softer is the steel. If a piece of steel exposing 
a bright and clean surface be heated in air a layer of oxide 
is formed upon it which exhibits the colours of thin films. 
The thickness of this layer, and therefore the colour pre- 
sented, depends on the temperature. In tempering steel 
after hardening it by heating it to bright redness and cooling 
it suddenly in water, a small portion of the surface is made 
bright and the temperature acquired in the second heating 
is determined by the tint exhibited. At about 220° C. a 
faint straw-colour begins to appear. This deepens into 
yellow at about 245° C. and brown at 260° C. As the tem- 
perature is increased the brown gradually shades off into 
purple ; and the surface becomes blue at about 320° C. The 
edges of tools for cutting metal are tempered at a straw- 
colour; cutting-tools for wood, knives, &c., at a brown; 
springs, saws, and instruments requiring great flexibility, at 
a purple or blue. In tempering chisels, turning-tools, &c, 
it is convenient to heat the end remote from the edge, 
allowiDg the heat to be conducted towards the edge and 
plunging it in water as soon as the edge reaches the proper 
tint. By this means the edge becomes the hardest portion 
.of the instrument. 

If glass be rapidly cooled from a high temperature it 
becomes very brittle, and the slightest scratch upon its 
surface will frequently occasion its fracture. This liability 
to fracture is in great part due to a state of strain de- 
veloped in the glass through the rapid cooling. Rupert's 
drops consist of pear-shaped drops of glass which are allowed 
to fall in a melted state into cold water. The exterior 
portions thus become solidified, while the interior is still 
at a red heat. As the interior cools the glass tends 
to contract, but is kept stretched by the outer envelope 
which has become rigid. If the interior be disturbed by 
breaking off* the tail of the drop, this state of strain is re- 
lieved and the glass crumbles to powder with explosive 
violence. The state of strain into which glass is thrown by 
.rapid cooling is made manifest by examining it with polar- 
ised light when the unannealed glass produces colours like 
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thin plates of mica or other doubly refracting crystals. Glass 
ia annealed by cooling it very slowly in an annealing oven, 

196. Copper when heated behaves differently from steel, 
since it is rendered soft and malleable by heating it to red- 
ness and cooling it suddenly in water. Continual hammering 
renders copper and brass hard and brittle, and in shaping 
these metals under the hammer it is necessary frequently to 
anneal them by heating them and then cooling them quickly. 
If the copper be required hard in order to resist rubbing, it 
is best to subject it to the hammer after it has been heated 
for the last time, 

197. The relations of many bodies to magnetism and 
electricity undergo considerable variation as their temperature 
is changed. Thus steel magnets become weaker as their tern- 
perature is raised, but if the range through which they are 
heated be only a few degrees from ordinary temperatures, 
they very nearly recover their original strength on cooling. 
If, however, a steel magnet be heated to redness, it com- 
pletely loses its magnetism and does not recover it as it cools. 

Different bodies offer different resistances to the passage 
of an electric current through them. The resistance of any 
conductor is generally expressed in terms of that of a certain 
standard wire at a defined temperature. It has been found 
that the resistance of all bodies which conduct electricity 
like metals without themselves undergoing any change is 
increased by increase of temperature, but that the resistance 
of bodies in which the passage of electricity is accompanied 
by chemical decomposition, that is, of electrolytes, is dimin- 
ished by increase of temperature. Glass belongs to the 
latter class, and if two pieces of metal be connected with the 
electrodes of a Holtz's machine, and united by a few inches 
of glass rod, when the glass is red hot the electricity passes 
quietly through it. As the glass cools the passage of the 
electricity is accompanied by a beautiful glow, very apparent 
in a darkened room, the colour of the light depending on 
the character of the glass, but long before the glass has 
cooled to the ordinary temperature the electricity ceases to 
pass through it to any sensible extent, and prefers to make 
its way as a " spark " through the air. 
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198. As a general rule the electric resistance of pure 
metals changes more for a given change of temperature than 
that of alloys. It has been found that the resistance of 
metals increases pretty uniformly with the temperature, and 
this property has been utilised for the purpose of determining 
the temperature of furnaces. The electric pyrometer consists 
of a fine coil of platinum wire connected to terminals whose 
resistance is very small compared with its own. This coil is 
placed in the interior of the furnace and a current being sent 
through it its resistance is measured in the usual manner, 
and its resistance and rate of increase per degree at ordinary 
temperatures being known, the temperature to which it is 
exposed can be determined. 

199. If an electric current be sent through a conductor 
heat is produced, the amount generated per second being 
proportional to the resistance of the conductor and to the 
square of the current conjointly. Hence a strong current 
will quickly raise to a white heat a fine platinum wire, whose 
capacity for heat is small. A wire which can be so heated 
is very convenient for many purposes, since it may be placed 
when cold in positions in which it is impossible to place a 
heated body, and may be subsequently heated when re- 
quired. A platinum wire heated to redness by a current 
from a battery is sometimes employed by surgeons for cutting 
and cauterising. 

200. When an electric current passes from one metal to 
a different metal heat is produced or absorbed at the junction 
according to the direction of the current and independently 
of the resistance of the metals. The rate at which heat is 
produced or absorbed in this action is simply proportional to 
the current and not to its square. This phenomenon was 
first noticed by Peltier, and is known as the Peltier effect 
It may be readily rendered manifest by soldering a small bar 
of bismuth and one of antimony together, and placing the 
junction within the bulb of an air thermometer. If the 
current from a single Grove's cell be passed through the bar 
heat will be produced when the current passes fron antimony 
to bismuth, and pold when it passes in the opposite direction. 
Too strong a battery should not be used or the heat due 
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to the simple resistance of the metals will conceal the Peltier 
effect. 

201. If two different metals be soldered or twisted, 
together at each end, so as to form a continuous circuit, no 
current of electricity will pass round it, provided that both the 
junctions are at the same temperature, but if one junction 
be at a higher temperature than the other, a current will 
generally be produced. In the last article we stated that a 
current of electricity passing from one metal to another 
generally heats or cools the junction. In the case here con- 
templated the current passes in such direction as to cool the 
hot and heat the cold junction, thus tending to equalise the 
temperature of the circuit. It is clear that it cannot pass in 
the other direction, as in this case a current once started in 
a circuit of two metals originally of uniform temperature 
would increase indefinitely, heating one junction and cooling 
the other at a continually increasing rate. 

202. In the following list the metals are so arranged 
that if any two of them be connected to form a circuit 
at ordinary temperature, one. junction being slightly hotter 
than the other, the current will flow across the hot junc- 
tion from the metal which stands higher in the table to 
the other. Thus, if the metals be antimony and bismuth the 
current will flow from bismuth to antimony across the hot 
junction. If they be copper and iron it will flow from copper 
to iron across the heated junction, and if they be bismuth 
and iron it will flow from the bismuth to the iron across thet 
heated junction. 

Thermo-Electric Arrangement of Metals. 

1 Bismuth. 7 Gold. 

2 Mercury. 8 Silver. 

3 Lead. 9 Zinc. 

4 Tin. 10 Iron. 

5 Copper. 11 Antimony. 

6 Platinum. 

The position of a metal upon the list frequently depends 
upon its purity and mechanical condition, 
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203. If a circuit be formed of copper and iron and a 
galvanometer introduced by cutting the copper wire and 
connecting the ends with the electrodes of the galvanometer, 
and if one of the junctions be heated it will be seen that the 
current increases until a temperature of about 260° C. is 
reached, when, on heating the junction still more, the current 
diminishes, and when the hot junction is asr much above 
260° C. as the cold junction is below this temperature, the 
current ceases. On raising the temperature still higher the 
current is reversed in direction, and we have thermo-electric 
inversion, the current passing from iron to copper across the 
hot junction. The temperature at the hot junction when 
the current begins to diminish is called the neutral tempera- 
ture of iron and copper. Professor Tait has shewn that the 
electro-motive force in a thermo-electric combination of two 
metals is proportional to the product of the difference of 
temperature of the junctions and the difference between the 
mean of the temperatures of the junctions and the neutral 
temperature of the two metals. Thus, in the case of copper 
and iron, if the hot junction be at 220° C. and the cold at 
20° G, the electro-motive force is proportional to 

(220-20) (260- 22 °^ 2 ° \ or 200 x 140, while if the hot 

junction be at 600° and the cold at 40° G, the force is pro- 
portional to 

(600 - 40) (260 - 60 ° * 40 \ or to 560 x ( - 60), the negative 

sign in this case indicating that the direction of the current 
has been reversed. 

204. Thermo-electric combinations are sometimes em- 
ployed for determining the temperature in situations where 
ordinary thermometers cannot be employed. Thus, the 
temperature at the bottom of the sea may be determined by 
employing long wires of copper and iron in circuit with a 
galvanometer. One of the junctions is caused to descend to 
the sea bottom and the other placed in a bath whose tem- 
perature is adjusted until there is no current through the 
galvanometer. The temperature of the bath must then be 
the same as that of the sea bottom, and can be read by an 
ordinary thermometer. 
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205. If several bars of bismuth and anti- 
mony are united, as in the figure, and the 
alternate junctions heated, the electro-motive 
force in the circuit is the sum of the forces due 
to each pair of consecutive junctions, and by 
using a large number of bars a very sensitive 
instrument may be constructed. The thermo- 
electric pile consists of a number of such bars 
sometimes united in the form of a cube, the alter- 
nate junctions being on oppposite faces. If the 
extreme bars are connected by a 
wire passing round a freely sus- 
pended magnetic needle, any dif- 
ference in the temperatures of the 
opposite faces of the cube at which 
the junctions are situate, produces 
a corresponding deflection of the 
needle, the pile thus acting as a 
very delicate differential tnermo- 
meter. One of the faces of such a 
pile is shewn in fig. 34. 



Fig. 33. 
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Various forms of thermo-electric piles have been con- 
structed in order to obtain strong electric currents for electro- 
typing, electro-plating, driving electro-magnetic engines, and 
other similar purposes, but in all the very powerful thermo- 
electric combinations which have hitherto been tried one at 
least of the metals or alloys employed is very brittle and 
liable to crack through rapid changes of temperature or 
through slight mechanical violence, and unless used with 
very great care they are soon rendered inefficient. 



CHAPTER VIII. 

ON THE TRANSMISSION OF HEAT. 

• • 

206. There are three methods generally enumerated 
by which heat may be transmitted from one point to another. 
They are, 

I. Conduction. 
II. Convection. 
III. Radiation. 

Heat is said to be transmitted by conduction when it passes 
from hotter to colder portions of the same body, or from a hot 
body to a colder body in contact with it r the heat in this 
case being transmitted from each particle of the material 
of the body to contiguous particles in directions in which the 
temperature decreases. A familiar example of conduction 
is found in the transmission of heat along a poker, one end 
of which is placed in the fire. 

Heat is transmitted by convection when the material body 
containing the heat is carried from one point to another. 

Thus if hot water is carried in a bucket or conveyed in 
pipes from one point to another, the heat contained in the 
water, as well as the water itself, is said to be transmitted 
by convection. 

Heat is said to be transmitted by radiation when it passes 
from one point to another without heating the medium through 
which it passes. 

Thus we feel the sun's rays to be warm, and a thermo- 
meter exposed to them will indicate a temperature con- 
siderably above 0°C, though the air through which the 
rays pass may be at a temperature below the freezing point 
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Bodies whichj like air, allow of the passage of radiation 
through them without themselves becoming heated, are called 
Diathermanous, while bodies which, like the metals, do not 
possess this property are called Adiathermanous. 

207* This last mode of transmission of heat differs from 
the two preceding, inasmuch as the heat does not pass 
from one point to another as heat, but is converted into 
another form of energy which is only reconverted into heat 
under special circumstances; and in some cases is capable 
of causing the sensation of light if allowed to enter the eye, 
or even of producing a photographic picture on a properly 
prepared surface, by inducing chemical or molecular changes 
in the constitution of the body on which it falls. The trans- 
mission of heat by radiation is therefore a case of double 
transformation of energy, and may be classed with several, 
other ways in which heat appears to be communicated from 
one place to another, though, during its passage, it is really 
not heat at all; as, for example, when some of the heat 
generated in the furnace under the boiler of a steam-engine 
is converted into the energy of motion of the parts of the 
machinery, and partially reconverted into heat by the friction 
of the bearings, &c. ; or, when the heat applied to one set 
of junctions in the thermo-electric pile is converted into 
the energy of an electric current, and reconverted into heat 
at the opposite set of junctions, and in the wire through 
which it passes. 

t 

CONDUCTION OF HEAT. 

208. If we enter a very cold room, and touch various 
articles in the room, we find that the metal articles feel 
coldest of all, and of these we may notice that large masses 
of silver or copper feel especially cold to the touch, while 
the wooden furniture produces the sensation of cold in a 
less degree, and the hearth rug, or other woollen materials, 
hardly seem cold. Now if a thermometer be brought into 
contact with all these articles in succession it. will register 
the same temperature, the reason of the difference to the 
touch being that the metallic bodies transmit heat through 
their own masses, and so t$ke it away from the hand^ muck 
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more readily than wood, and wooden articles much more 
readily than woollen materials. In fact, the bodies which 
feel colder than others, seem so, not because they are at 
lower temperatures, but, because they are better conductors 
of heat. In high latitudes, where the cold is very intense, 
Contact with a piece of metal exposed to the weather will 
inflict a blister on the hand. 

For a reason similar to the above, in the hot room of a 
Turkish bath, metallic objects feel much hotter than others, 
and will inflict a burn, so that spectacles with metal frames 
have to be dispensed with. The human body is prevented 
from being unduly heated when exposed to a high tempera- 
ture by the evaporation going on from its surface. 

209. From what we have just said we see that different 
bodies possess different powers of conducting heat, or differ- 
ent thermal conductivities. 

The fact that there is a difference in the thermal con- 
ductivity of different substances, may be readily shewn by 
taking three tea-spoons, made of silver, lead and bone re- 
spectively, and placing their bowls in hot tea. The handle 
of the silver spoon soon becomes too hot to touch without 
inconvenience, and in the same time that of the leaden spoon 
becomes hot, but less so than the former, while the handle 
of the bone spoon is only slightly heated. Silver spoons 
may be distinguished from those made of other metals and 
plated by the readiness with which they transmit the heat 
of the tea to the hand. It is on account of the low conduc- 
tivity of such substances as wood, bone, glass, &c, that they 
are employed as handles for vessels containing hot bodies, 
or inserted between the handles and the vessels themselves. 
The value of blankets depends upon the extremely low con- 
ducting power of woollen materials, and a blanket will serve 
equally to keep a warm body from cooling, or to keep ice 
from melting. The low conductivity of felt is utilised in the 
Norwegian cooking pot, which is a box lined with many 
layers of felt. The saucepan containing the food is first 
heated, and then placed in the box and shut in, when it will 
retain for a long while a temperature sufficiently high to 
carry on the operation of cooking. 
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Fig. 85. 




210. The measure of the thermal conductivity of a 
substance will be defined in Art. 214. The relative con- 
ductivities of different substances may be compared by means 
of the arrangement shewn in fig. 35, and known as Ingen- 
houz's apparatus. 
This consists of a 
trough AB con- 
taining oil, which 
can be heated to 
a high tempera- 
ture. Equal bars 
of the solids whose thermal conductivities are to be compared 
are taken, and one end of each is passed through one side of 
the vessel AB into the oil. The surface of each bar is coated 
with a thin layer of wax, so that each exposes the same 
surface to the air, and will therefore cool at the same rate, 
other things being the same. Now if the oil be heated to, 
say, 200° C, and sustained at that temperature, the bars will 
gradually become hot, and the heat will travel towards their 
extremities which are distant from AB, the wax melting at 
increasing distances along each bar. After a time, which will 
be different for the different bars, it will be found that the 
boundaries between the melted and solid wax no longer travel 
towards the ends of the bars, but remain stationary, however 
long the temperature of the oil may be maintained. The 
temperature of every point 
of tne bar then remains un- 
altered, and if DE, fig. 36, re- 
present the bar and 8 any 
point upon it, this will be the 
case when the rate of decrease 
of the temperature at S as we 
go towards E is such that the 
How of heat across the section of the bar at 8 is equal to 
the rate at which heat is dissipated by the portion of the 
bar beyond S. The temperature of the bar will decrease 
in going from D to E at a rate diminishing as the distance 
from D increases. If at every point of the bar a line be 
drawn at right angles to its length, and proportional to 
the excess of the temperature of the bar at that point, 
above that of the air, the extremities of these linea hi\1L 
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lie on a curve similar to KL. Now the wax on the bars 
will be melted to distances where the temperature of the 
bars is the melting point of wax, and it may be shewn 
that when the wax ceases to melt any farther, if all the 
bars are of the same section, these distances are proportional 
to the thermal conductivities of the bars. Hence we have 
only to measure from the vessel of oil the distance on each 
bar along which the wax is melted in order to compare 
the thermal conductivities of the materials of which the 
bars are composed. The bars are generally inserted into 
small tubes which pass through the oil across the box, and 
are soldered to each side of the box so that the tubes an? 
surrounded by oil just as the tubes in a locomotive boiler 
are surrounded by water. 

211. It should be borne in mind that the thermal con- 
ductivities of different bars cannot be determined by heating 
one end of each to the same temperature and observing the 
time required for points on all the bars at the same dis-t 
tance from the heated ends to be raised to a given tem J 
perature. For instance, in the experiment just described, we 
might observe the time required for the wax to be melted 
on each bar at a distance of three inches from the trough, 
after pouring the hot oil into the latter. We could not, 
however, in this way compare the thermal conductivities of 
the bars because their capacities for heat per unit of volume 
may be different ; thus, of two bars A and B, A may have 
the greater conductivity, but if its capacity for heat pe? 
unit of volume be also greater than that of B, the time re- 
quired to ijaelt the wax on A may be greater than that 
required to melt it on B to the same distance. In order to 
compare the thermal conductivities, we have therefore to wait 
until the temperature of any point of the bars has ceased 
to change, or till the flow of heat has become "steady," 
as explained in Article 213. 

212. The statement made in the last Article can be 
well illustrated by simultaneously placing a, bar of iron and 
a bar of bismuth, of the same dimensions and each about 
l£ in. in length, upon end on a hot copper plate, a small 
piece of wax or paraffin having been previously placed on 
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the upper end of each bar. (Care should be taken that the 
temperature of the copper is insufficient to melt the bismuth.) 
If the bars .be not too long and the temperature of the hot 
plate be sufficiently high the wax or paraffin upon the bis- 
muth bar will begin to melt before that upon the iron bar, 
but the rate at which the melting will progress after it had 
commenced will be much greater on the iron than on the 
bismuth, so that if the quantity of wax or paraffin is large 
that on the iron will be completely melted before the other. 
Now the thermal conductivity of iron is more than six times 
that of bismuth, yet the upper end of the bismuth becomes 
first heated to the melting point of wax or paraffin because 
the specific heat of iron is nearly four times that of bismuth, 
but after that the iron has become sufficiently heated to 
commence the fusion heat is conducted along it much more 
rapidly than along the bismuth. 



213. If one side of a plate of metal be kept in contact 
with water whose temperature is sustained at 100° C, while 
the other side is kept in contact with melting ice, heat will 
flow through the metal by conduction from the hot to the 
cold side, and after a short time the metal will acquire its 
permanent condition with regard to temperature under 
these circumstances. When this is the case, the flow of 
heat through the metal will be the same at all parts and 
continue constant so long as the temperature of the faces is 
kept unaltered. The flow is then said to be steady, The 
flow of heat across the unit of area of any plate of given 
material is found to vary inversely as the thickness of the 
plate, and directly as the difference between the temperatw 
of the two faces. Now suppose the thick 
plate AS, fig. 37, to be made up of a 
number of thin plates of equal thickness, 
as in tbe figure. Then when the flow of 
heat is steady, the amount of heat which 
crosses each of the thin plates in a second 
is the same, and therefore the difference 
between the temperatures of the opposite 
faces must he the same for each plate, and 
the temperature of the thick plate must 
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decrease uniformly from 100° C. on the one side to 0°C. on 

the other side. 

If we take two plates of the same material and thickness, 
and suppose no heat to escape at the edges, if one side of 
each be kept at 100° C. and the other at 0° C, the amount of 
heat which will flow through' each of the two plates in a 
given time will be obviously proportional to their areas. 

214. Def. The number of units of heat which flow through 
the unit of area of a plate of unit thickness in the unit of time 
when the flow of heat is steady, the difference in the tempera- 
tures of the sides of the plate being 1° C7., is taken as ike 
measure of the thermal conductivity of the substance of which 
the plate is composed, and is called its specific thermal con- 
ductivity. 

If the unit of length be one inch, and the unit of time 
one second, the thermal conductivity of a substance will be 
measured by the number of units of heat which flow in one 
second across each square inch of a plate whose thickness 
is one inch when the temperature of one side is kept 1°C. 
above that of the other. If the difference of temperature 
be 10° C, the flow of heat will be 10 times this amount, and 
so on, while if the thickness of the plate be increased in any 
ratio, the flow will be diminished in the same ratio. 

215. The thermal conductivities of some bodies have 
been measured by determining how much ice can be melted 
in a given time through a plate of known area and thick- 
ness, when one side is kept in contact with boiling water. 

Suppose that a plate of wrought iron of 1 inch in thick- 
ness and 2 square feet in area is placed so as to form a 
division between water on the one side which is kept at. 
12° C. and melting ice on the other side, and suppose that 
at the end of an hour we find that 164 pounds of ice have 
been melted. The amount of heat required to melt^ 164 
pounds of ice at 0° C. is about 12956 units : 

,*, in 1 hour through 288 sq. ins. of the plate, when the 
temperatures of its sides differ by 12° C, 12956 units of 
heat flow ; 
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.\ in 1 hour through 288 sq. ins. of the plate, when the 

12956 
temperatures of its sides differ by 1°C, — -r^— units of 

heat will flow ; 

/. in 1 hour through 1 sq. in. of the plate, when the 

12956 
temperatures of its sides differ by 1°C, j= — ^ units of 

Heat will flow ; 

.". in 1 second through 1 sq. in. of the plate, when the 

12956 
temperatures of its sides differ by 1° C, y^ — ^ ■ .^ units 

of heat will flow. 

The measure of the thermal conductivity of wrought iron 
referred to a second and an inch as units of time and space, 
the unit of heat being taken, as usual, to be the amount 
required to raise 1 lb. of water 1° C. from 0° C, is therefore 

12956 AM 

= •001. .• 



12 x 288 x 8600 



216. As another example we may find how much water 
at 100° C. can be evaporated per hour at atmospheric pres- 
sure in an iron boiler which exposes a surface of 20 square 
feet to the fire, supposing the iron to be £ inch in thickness 
and the fire to keep its lower surface at a temperature of 

150° C. 

< 

The thermal conductivity of iron being '001 referred to 
an inch and a second, it follows that the number of units 
of heat passing through the iron in an hour will be 

•001 x 2 x 144 x 20 x 3600 x 50, 

since the difference of temperature of its sides is 50° C. ; and 
since the latent heat of steam is represented by 537, the 
number of pounds of water evaporated will be 

•001 x 2x144 x 2 x 3600 x 5 

; 537 W1 > 

a. * 
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or the quantity of water evaporated per hour will be about 
193 gallons. 

217. Most substances conduct heat equally well in all 
directions through their mass, but some F 38 
crystals and organized structures conduct 
heat more readily in some directions than 
in others. Thus if a plate be cut from a 
quartz crystal parallel to its axis, covered 
with paraffin, and heated by a wire at the 
centre, the paraffin will be melted within an 
ellipse, whose major axis is parallel to the axis of the crystal, 
as shewn in fig. 38. This is due to the thermal conductivity 
of the crystal being greater in the direction of its axis than 
in any other direction. Paraffin is preferable to wax for 
this experiment because it does not soften so much as wax 
before melting, so that the boundary between the solid and 
the liquid is much more distinct. 

If the plate of quartz be cut perpendicularly to the axis 
of the crystal the paraffin will melt in a circle, shewing that 
the thermal conductivity is the same in all directions at 
right angles to the axis of the crystal. 

218. In order to compare the thermal conductivities of 
wrought iron at different temperatures, Principal Forbes 
employed a bar about 10 feet in length and 1 J inch square. 
One end of this was inserted into a crucible of lead, which 
was kept melted, great care being taken to preserve the 
temperature constant throughout the experiment. The rest 
of the bar was protected from the radiation of the lamp 
and crucible by means of a double screen. A number of 
small boles were drilled at intervals along the upper surface 
of the bar, and in these holes were placed the bulbs of small 
thermometers, the holes being filled up with mercury. The 
thermometers served to determine the form of the tempera* 
ture curve described in Art. 210. Then, knowing the form 
of this curve, and therefore the rate of change of tempera- 
ture at different points along the bar when the flow of heat 
became steady, it was only necessary to determine the amount 
of heat which flowed across any section of the bar, per 
second, in order to know the conductivity of iron at the 
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temperature of the section. Now, as explained in Art. 208, 
when the flow of heat is steady the amount which crosses 
any section of the bar in each second is equal to the amount 
radiated by the portion of the bar between that section and 
the cold extremity. Thus, referring to fig. 36, Art. 210, the 
amount of heat passing the section of the bar at 8 is equal 
to the amount radiated in the same time by the portion SE 
of the bar, since the temperature at every point of the 
bar itself remains constant. In order to determine this, 
Principal Forbes employed a short length of wrought iron 
bar of the same section as the experimental bar, and having 
heated it to the temperature of the hottest part of the 
experimental bar he observed the rate at which it cooled 
by means of a thermometer inserted in a hole drilled in the 
bar. Knowing the specific heat of iron at different tempe- 
ratures, the rate at which heat escaped by radiation from 
each inch of the bar at temperatures varying from that of 
the room to that of the hottest portion of the experimental 
bar became known, and hence the amount lost, per second, 
by any portion of the experimental bar measured from the 
cold end, could be determined. This gave the flow of heat 
across any section, and consequently the absolute conduc- 
tivity, since the rate of change of temperature was known. 
The results of this investigation indicated that the conduc- 
tivity diminished as the temperature increased, changing 
steadily from '01337 foot-minute-degree units at 0°C. to 
•00801 units at 275°. A second experiment with a one-inch 
bar gave similar results, though in the latter case the differ-* 
ence as well as the conductivity itself was less. 

219. By a method similar to that of Principal Forbes, 
but employing bars of different metals, Despretz determined 
the relative thermal conductivities of several metals, and 
Forbes* apparatus is sometimes called after Despretz. In 
accurate determinations of the conductivity of metals the 
measurements should be conducted in vacuo, as air-currents 
help to accelerate uniform distribution of temperature. 

220. The relative thermal conductivities of some metals, 
as determined by Wiedemann and Franz from experiments in 
vacuo, are given in the following table : 
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Silver 


1000 


Iron 


101 


Copper 
Gold 


748 


Steel 


103 


54-8 


Platinum 


94 


Brass 


240 


Lead 


7-9 


Tin 


154 


Bismuth (in air) 


1-8 



The conductivity of copper is very greatly diminished by 
small quantities of impurities. 

221. It is owing to the high conductivity of copper that 
a piece of copper gauze may be depressed upon a gas flame 
without any of the gas which passes through the gauze 
igniting above it. Similarly, if a piece of fine copper gauze 
be held over a gas-jet and the gas ignited above the gauze, 
the flame will not be communicatee! to the gas below. In 
the gauze-burner the jet of gas mingles with air as it escapes, 
and then, passing through a sheet of gauze, is ignited above 
it. The Davy safety lamp consists simply of a gauze cylin- 
der, in the interior of which the candle burns, but no flame 
can be communicated to any inflammable mixture outside 
the gauze* 

« 

222. Pure copper and pure silver are the best con- 
ductors of heat known. Animal and vegetable substances 
are for the most part very bad conductors. Solids are in 
general very much better conductors of heat than liquids, 
while the thermal conductivities of gases are extremely 
small. Both liquids and gases are capable, however, of 
readily diffusing heat throughout their masses, since the 
extreme mobility of their parts makes up for their low con- 
ducting powers. Heat is therefore generally diffused through 
liquids and gases by convection. 

223. It is a well-known fact that there is an upward 
current of air above and around a gas-flame, because the 
air which has been heated by the flame is less dense than 
the rest of the air in the rootn. For a similar reason there 
is a draught up a chimney when a fire is burning below 
it. Now suppose a gas-flame burning in the middle of a 
room, the doors and windows of which are closed. There 
will then be an upward current of hot air in the middle of 
the room above the flame, while a downward current must 
exist nearer the walls in order to supply the place of the 
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ascending air. In this way the air in the room will be 
kept in circulation, and heat will be conveyed from the gas- 
flame to other parts of the room by convection. The currents 
bo set up are sometimes called convection currents. 

224. If a little cochineal be thrown into a Fio. 89. 
vessel of water, and heat applied at the bottom, 
the water will be seen to circulate, an upward 
current being formed in the middle of the vessel 
immediately over the flame, while downward 
currents exist all round the circumference. In 
this way all the water is brought in turn close 
to the bottom of the vessel, where it is heated by 
conduction through the vessel itself, while the 
heated stream of liquid meeting, during its as- 
cent, with colder liquid, parts with some of its 
heat to the latter by conduction, and thus by a 
combination of the processes of convection and 
conduction the whole of the liquid becomes heated. 

It will be seen from the above that the rate at which a 
mass of fluid can be heated by a source of heat will depend 
on the position of the latter relative to it, and will generally 
be greatest when the heat is applied at the bottom of the 
liquid. 

When a quantity of fluid is being heated, convection 
currents serve to carry the hot portions of the fluid away 
from the source of heat and to bring the colder portion 
near to it, and also to mix together the hot and cold portions 
of the fluid, but the ultimate transfer of the heat to the 
colder portion of the liquid must take place by conduction. 
The mixing serves to bring hot and cold portions very near 
together, and also causes them to present an immense area 
of surface of contact across which the heat may flow, and 
thus in two ways accelerates the uniform distribution of the 
heat, compensating in a great measure for the very low con- 
ducting power of most fluids. 

225. The low thermal conductivity of water may be 
shewn by placing a quantity of ice-cold water in a test-tube, 
and fixing a block of ice at the bottom. On heating the 
tube at about the middle point of its length, aa shewn, ia. 
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fijj. 40, the water above this point Fig. 40. 

will be quickly heated by aid of 

convection currents, and may be 

made to boil before very much of 

the ice is melted, on account of the 

extreme slowness with which heat 

is conducted downwards to the ice, 

in which passage it is, after a short 

time, unaided by convection currents. 

The extreme slowness with which 
heat is conducted through water 
may also be shewn by placing a 
differential thermometer in a tall 
glass vessel of water, with one bulb about one inch below 
the surface, and the other as low down as possible. If a 
tin vessel containing water near its boiling point be held 
with its bottom just below the surface of the water in the 
glass vessel, a long time will elapse before the upper bulb 
of the thermometer becomes sensibly warmed. 

226. Let a glass tube be bent so as to form a rectangle, 
and the ends united so that it may be possible for water 
to circulate in the tube. At one corner let an opening be 
made and a small piece of tube sealed into the opening by 
which water may be poured into the apparatus. Now let 
the rectangle be supported in a vertical plane, and some 
coloured water be poured into the lower part of the tube, 
the rest of the tube being completely filled with uncoloured 
water. If the flame of a spirit-lamp be applied to one of the 
vertical sides the liquid will rise in this side and descend 
in the other, so that the coloured water will presently reach 
the top of the tube, then pass along the top branch and 
descend on the other side. The circulation will continue 
so long as the flame is applied, and after the colouring matter 
has become uniformly diffused the current may be rendered 
apparent by inserting a few solid particles, which will remain 
suspended in the water. 

227. It is by means of a circulation precisely similar 
to that described in the last Article that houses and other 
buildings are generally heated by hot water. The glass 
tube is replaced by an iron pipe, a coil being inserted in 
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the circuit wherever it is desired to expose a considerable 
heating surface. The boiler is generally placed in the 
lowest situation available. To ensure a rapid circulation 
it is essential that the outflow pipe for the hot water should 
leave the boiler at the highest point, and that the return 
should enter at the lowest Fio. 41. 

point of the boiler. It is best 
to carry the outflow pipe ver- 
tically upwards as far as pos- ^ 
sible, so as to have a tall ver- 
tical column of water at the (f 
highest temperature of the 
circuit. The heavier water 
in the cold return pipe over- 
balances the hot column in 
the boiler and flow pipe, thus 
setting up and maintaining 
the circulation. A small tank 
is generally inserted at the 
highest point of the pipes, and connected with a feed cistern 
by which cold water is supplied to the apparatus when 
necessary. (Fig. 41.) 

228. Convection currents were employed by Dr Joule in 
order to determine the temperature at which the density of 
water is a maximum. Two vessels, 4 ft. 6 in. in height, and 
6 in. in diameter, were placed side by side and connected 
near their bases by a tube with a stop-cock, while an open 
trough served to connect them near their upper edges, a 
small piece being cut from the side of each. The vessels 
were filled with water, and a small glass bead made to float 
in the connecting trough at the top. The temperature of the 
water in each was adjusted with the stop-cock closed. Then, 
on opening the cock, the water flowed through the trough, 
carrying the bead with it towards the vessel in which the 
density was greatest. If there were no current, the tempera- 
ture of the vessels being different, one was above and the 
other below the temperature corresponding to maximum 
density ; and by finding a number of pairs of temperatures, 
for which there was no convection current, Joule concluded 
that the temperature corresponding to maximum density 
was about 391° F. 
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229. If we heat one end of a poker in the fire but not 
to redness, and then hold it near the face, a sensation of heat 
is at once felt, and we infer that some thing or some influence 
has passed from the poker to the face across the intervening 
air. If we now replace the poker in the fire and heat it to 
very dull redness, the same sensation is felt on bringing it to 
the same distance from the face, but in a stronger degree. If 
we now hold the poker in front of a black screen and look at 
the heated end through a prism, whose edge is parallel to 
the length of the poker, we see a dull red band slightly 
wider than the poker itself. If the edge of the prism be 
towards the left hand, the poker, when viewed through the 
prism, will appear more to the left than its true position. 
On heating it still further, till it attains a bright red heat, 
and again inspecting it through the prism, the red band will 
appear broader and brighter, and shade off into orange to- 
wards the left. On raising the temperature of the poker still 
more the red and orange become brighter, while yellow, green, 
blue and violet bands, gradually shading into each other, are 
successively added towards the left. "When the violet has 
made its appearance the poker will have attained a white 
heat, and no more tints visible to the eye will be added by 
further increasing the temperature, though the brightness 
of those already existing will be increased by this means. If 
the poker, at an intense white heat, be placed at a consider- 
able distance in front of paper prepared for receiving photo- 
graphic images, it will be found capable of blackening it, which 
will not be the case when the poker is red hot* 
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The influence proceeding from the poker which produces 
the sensation of heat on the skin, or of light in the eye, or 
which is capable of blackening photographic paper, is called 
the radiation from the poker. As such radiation is capable 
of doing work it is frequently called radiant energy* 

230. Now let the following experiment be performed : 
A mass, B (fig. 42), of p IG . 42. 

wrought iron or of platinum 
is heated to intense white- 
ness, and placed behind a 
double screen S, in which a 
narrow slit is cut, and a 
glass prism is placed in front 
of the screen with its edge 
parallel to the length of the 
slit. A coloured band R V 
will then appear upon a 
white screen placed in front 
of the prism, the end R to- 
wards the edge of the prism being red, and this will be suc- 
ceeded by orange, yellow, green, blue and violet towards 
the end v. If now a thermo-electric pile be moved from 
point to point of the coloured band, or light spectrum, the 
galvanometer connected with it will indicate that the face 
turned towards the prism is heated, and this will be the case 
even beyond the end R. If in like manner photographic paper 
be placed at different parts of the spectrum, it will be black- 
ened only in the blue and violet spaces, and in the space VG 
beyond the extreme violet. Let these observations be con- 
tinued while the mass of metal cools. We observe, first of all, 
that photographic paper made to pass across the spectrum 
between V and C is gradually less and less blackened, till at 
last it is quite unaffected, while the intensity of the light 
spectrum gradually diminishes. The light at the extreme 
end of the violet then vanishes completely, and presently the 
whole of the violet is gone, the blue follows, then the green, and 
so on, while the galvanometer registers a gradual diminution 
in intensity in the radiation at the red end of the spectrum 
and in the parts beyond the red. Before all the light spec- 
trum has vanished let the glass prism be replaced by a ^rissxv 
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of rock salt. The galvanometer will immediately indicate a 
great increase in the intensity of the radiation falling on the 
thermo-electric pile placed beyond the red end of the spec- 
trum, and will also indicate the presence of frays at much 
greater distances beyond the red than were indicated when 
the glass prism was used. As the metal, J9, continues to cool, 
the green, yellow, and orange lights vanish in succession, and 
at last, when the metal is reduced below a red heat, the last 
trace of red vanishes. The galvanometer, however, continues 
to indicate the presence of radiation beyond the red end of 
the spectrum, though it now gives no indication of heat when 
the thermo-electric pile is placed in what was the illuminated 
portion of the spectrum, shewing that when the light vanished 
the rays capable of heating the junctions in the thermo- 
electric pile vanished with it. As the mass of metal becomes 
cooler we have to move the thermo-electric pile still farther 
from the red end of the original spectrum in order to get in- 
dications of radiation, and at length the metal becomes too 
cold to produce any sensible effect on the pile wherever 
placed. 

This experiment may be modified, so as to be more easily 
performed, by substituting an electric light for the white-hot 
metal, and an oil-lamp for the metal when at a bright yellow 
heat, a piece of metal being conveniently employed for lower 
temperatures, but this interferes with the continuity of the 
results*. 

In the solar spectrum the greatest intensity of the radia- 
tion, as measured by the thermo-electric pile, is a little be- 
yond the extreme red, while the greatest amount of radiation 
capable of affecting photographic paper is just beyond the 
extreme violet end of the luminous spectrum. 

231. From the experiments just described we learn that 
a solid body when heated below redness emits rays capable 
only of producing heat in bodies on which they fall, while at 
higher temperatures it emits rays capable of producing the 

* Instead of using a double screen as shewn in the figure it is much 
better to employ a thin screen and to place a lens of the same material as 
the prism between the latter and the slit in such a position that the slit ia 
in its principal focus, a second lens of the same material being placed very 
close to the prism on the other side of such focal length that the second 
screen passes through its principal focus. 
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sensations of red, orange, yellow, green, blue, and violet light, 
while the intensity of the heat-producing rays is increased. At 
still higher temperatures it also emits rays capable of producing 
photographic pictures, but not causing the sensation of light. 

From this experiment we also infer that the same rays 
which produce the sensation of light in the eye, produce heat 
when allowed to fall upon other bodies, and hence we can 
make no distinction between light and, what has been er- 
roneously called, radiant heat. The same is true of the 
radiation which produces photographic effects, though the 
energy of these rays is generally too feeble to produce much 
current in the thermo-electric pile. 

232. If it be true that some of the rays which produce the 
sensation of heat are identical with those of light, since we 
cannot suppose that these rays essentially differ in kind from 
the other rays which produce the sensation of heat, but not 
that of light, we must conclude that the whole of the radia- 
tion which produces heat in bodies absorbing it is of the same 
nature as light, and therefore consists of vibrations of the 
luminiferous ether, and from the distribution of these rays over 
the luminous and non-luminous portions of the spectrum we 
are led to infer that the dark rays differ from one another 
and from the luminous rays in exactly the same way as 
the latter differ among themselves, that is, in wave-length, 
and that as the wave-lengths of the rays continue to increase 
as we pass along the spectrum from violet to red, so this in- 
crease continues beyond the red end. Hence bodies at a low 
temperature give out only those rays whose wave-lengths are 
very long compared with the length of a wave of light of any 
particular colour. Of the identity of the nature of calorific 
radiation and light we shall meet with further evidence shortly. 

233. Again, if it be true that all the rays which are 
capable of producing heat are of the same nature as light, 
we should expect that they would be subject to the same 
laws of reflection and refraction. In the experiments just 
described we have demonstrated the refraction of the dark 
rays by a prism. The reflection of these rays may be shewn 
thus : — Take a concave mirror, AB, fig. 43, and place at Q 
a small source of light ; then the point q, at which the image 
of Q is formed by the mirror, can be readily determined* "&ss^ 
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replace the luminous body at 
Q by a piece of metal heated 
just below redness, and place 
at a a delicate thermometer 
with a blackened bulb or a ; 
thermo-electric junction con- 
nected with a galvanometer. 
The latter will immediately 
indicate a high temperature ; 
but if it be moved from q to 
any other point at the same 
distance from Q no such effect 
will be produced, shewing that the dark radiation from Q, 
which falls on the mirror, is brought to a focus at q, and 
that therefore these rays are subject to the same laws of 
reflection as those of light. 

If two parabolic mirrors be placed opposite to one 
another so as to have the same axis, as in fig. 44, and the hot 





body be placed at Q, the focus of one mirror, while the 
thermometer is placed at q, the focus of the second, the dis- 
tance between the mirrors may be very greatly increased 
without much diminishing the indication of heat by the ther- 
mometer. This follows from the fact that the rays pass from 
one mirror to the other, without sensibly heating the air; and, 
being all nearly parallel in their passage (if the body at q be 
small), nearly all the rays leaving the first mirror must fall on 
the second. 

If a luminous body, such as an oxy-hydrogen light, he 
placed at Q, and a quantity of finely powdered chalk or lime 
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scattered through the air, the course of the light between 
the mirror and its accumulation in the neighbourhood of q 
will be distinctly visible. The same applies in the case of the 
lens mentioned below (Art. 239). 

234. The preceding experiments prove that the laws of 
reflection for other rays are the same as those for light, viz : — 

(1) The incident and reflected rays are in one plane 
with the normal to the reflecting surface at the point of in- 
cidence, and on opposite sides of it 

(2) The incident and reflecting rays make equal angles 
with the normal to the reflecting surface at the point of tn- 
cidence. 

235. In the experiment described in Art. 229, we found 
that on substituting a rock-salt prism for the glass prism, 
the galvanometer indicated an increase in the radiation 
falling on the pile when placed beyond the red end of the 
spectrum. If similar pieces of polished glass and rock salt 
be exposed to the same radiation, especially if the greater 
part of it consist of dark rays (as is usually the case), the 
glass will become more highly heated than the rock salt. 
From these two observations we infer that glass absorbs 
much of the dark radiation which rock salt transmits, the 
glass being thereby heated. This is equivalent to saying 
that rock salt is more diathermanous than glass, although its 
power of transmitting luminous rays, or its transparency, is 
no greater than that of glass. All bodies absorb some of the 

'rays incident upon them, that is, are opaque (or adiather- 
manous) to rays of certain wave-lengths. Metals are almost 
perfectly opaque to all rays. (Gold in exceedingly thin 
leaves transmits green light, and silver blue light.) All 
bodies absorb the same hind of rays which they themselves emit 
when heated. This accounts for the dark lines in the solar 
spectrum, and is the basis of solar and stellar chemistry. 
Thus sodium vapour absorbs the yellow rays corresponding 
to the double D line of the solar spectrum, and emits only 
these luminous rays when incandescent, so that it is im- 
possible to make sodium vapour white-hot. 

236. The property of selective absorption is possessed in 
some degree by all known bodies however transparent, Tha 
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clearest glass absorbs not only the non-luminous radiation* 
beyond the visible end of the spectrum, but also absorbs 
nearly all the chemically active radiation which is more 
refrangible than the violet In fact, it transmits very little 
radiation beyond that which is sensible to the eye. Many 
bodies which appear to be much less transparent than glass 
transmit more of the total radiation from the sun or the 
electric light As above stated, rock-salt transmits nearly 
the whole of the ultra-red radiation ; quartz, on the other 
hand, transmits rays lying very much beyond the violet, 80 
that the spectrum of the electric light produced by quartz 
prisms and lenses can be traced to a distance beyond the 
extreme violet equal to three or four times the length of the 
visible spectrum. These rays may be rendered apparent 
either by their photographic effects, or by causing them to 
fall upon certain fluorescent substances, like sulphate of 
quinine, aesculine, &c, which absorb them and then shine 
with a visible light 

237. The fact that glass absorbs so much of the non- 
luminous radiation which falls upon it, accounts for its effi- 
ciency as a fire-screen as well as its action in hot-houses. 
By far the greater part of the radiation from an ordinary 
fire is non-luminous, and this- is absorbed by a glass fire- 
screen, rendering the screen itself warm, and then being 
radiated by the glass in all directions, so that the portion 
reaching any person in the room is much less than it would 
be if the screen were not present, while the cheerful lumi- 
nous radiation is nearly all transmitted. When glass is 
employed in frames and hot-houses a very large per-centage 
of the solar radiation is transmitted, since very much of it is 
luminous, but of the non-luminous radiation from the plants, 
earth, and other objects below the glass, nearly all is ab- 
sorbed by the glass, which returns through its own radiation 
a great portion of that which it absorbs to the objects beneath 
it. The glass thus acts like a trap or ratchet, allowing the 
radiation to pass in one direction, but refusing to allow it to 
return. 

Air which contains aqueous vapour acts like glass, ab- 
sorbing very much of the non-luminous radiation from the 
earth, &c, while it transmits the radiation of shorter wave* 
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lengths from the sun. Air devoid of aqueous vapour is much 
more diathermanous to non-luminous radiation than air con- 
taining it. The same property of absorbing non-luminous 
radiation is possessed by defiant gas in a very marked 
manner. 

238. The following table shews the per-centage of the 
total radiation from the four sources mentioned, which is 
transmitted by a plate of the several substances named, one- 
tenth of an inch in thickness. It will be noticed that rock- 
salt transmits with equal facility both luminous and non- 
luminous radiation, while Iceland spar, glass, tourmaline, 
selenite, alum, and ice, are almost opaque to radiation from 
a source at a low temperature. It is to Melloni we are 
indebted for these results. 

NAME OP SOURCE. 



• 


Locatelli 


Incandesoent 


Copper at 


Copper at 




Lamp. 


Platinum. 


400° C. 


100° C. 


'Rock salt, 


92-3 


92-3 


923 


92-3 


Fluor spar, 


72 


69 


42 


33 


Iceland spar, . 


39 


28 


6 





Glass, 


39 


24 


6 





Quartz, 


38 


28 


6 


3 


Tourmaline (green), 18 


16 


3 





Selenite, 


14 


5 - 








Alum, 


9 


2 








Ice, 


6 


05 









The following table gives the relative absorbing powers 
of a few gases at a pressure of one inch of mercury, the 
length of the tube containing the gas being 2 ft. 8 in., and 
the source of radiation a plate of copper heated by a Bunsen 
flame. These results were obtained by Professor Tyndall'. 

Absorption. 



Air, 


1 


Oxygen, 
Nitrogen, 
Hydrogen, 
Chlorine, 


1 

1 

1 

60 


Carbonic oxide, 


750 


Nitrous oxide, 


1860 



Sulphuretted hydrogen, 2100 
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Absorption. 

Ammonia, 7260 

Olcfiant gas, 7950 

Sulphurous anhydride, 8800 

230. A solution of iodine in bisulphide of carbon ab- 
sorbs the whole of the luminous radiation from any source, 
while it transmits a large portion of the dark radiation. If 
a beam of solar light be brought to a focus in the air by 
a large achromatic lens and a wide vessel containing this 
solution be introduced into its path, the whole of the light 
will be cut off. (This Professor Tyndall proved by placing 
his eye so that the focus fell on the retina, defending all 
but the pupil by a perforated screen.) If now a small piece 
of platinum be placed at the point which was occupied by 
the luminous focus, the platinum will be heated to white- 
ness, shewing that the dark rays are brought to a focus at 
the same point as the light by the achromatic lens. (If a 
common lens be used, the best focus of these rays is a little 
beyond that of the red rays.) 

240. This experiment proves that dark radiation is 
Bubject to the same laws of refraction as light, viz.: — 

(1) The incident and refracted rays lie in one plane 
with the normal to the refracting surface at the point of in- 
cidence and on opposite sides of it. 

(2) In passing from one given medium to another, the 
sine of the angle of incidence bears a constant ratio to the sine 
of the angle of refraction, which depends only on the character 
of the radiation. 

Thus, if 10 represent a ray in- Fig. 45. 

cident at from air on a surface 
AB of glass and OR the refracted 
ray, NON' being normal to AB, 
ION is the angle of incidence and 
RON' the angle of refraction, and 
if we make OR equal to 01 and 
draw IN, iJJ^'perpendicular to NN', 
the ratio of IN to RN' is indepen- 
dent of the angle of incidence, and 
is called the index of refraction of 
the particular ray between air and glass. 
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241. It is worthy of mention that when radiation passes 
through a considerable thickness of any particular medium 
the latter absorbs all the rays which it is capable of ab- 
sorbing, and the radiation may then be made to pass through 
another portion of the medium without being sensibly ab- 
sorbed by it. Thus if a beam of solar light be made to pass 
through a few inches of ice, it will melt the latter in the 
interior in the form of beautiful hexagonal flowers, like snow- 
flakes, whose planes coincide with the planes of freezing of the 
ice, but it may afterwards be made to pass through a lens of 
ice without damage to the latter, and may thus be brought 
to a focus in which platinum may be heated to redness. 

242. It is not only in reflection and ordinary refraction 
that non-luminous radiation obeys the same laws as light. 
It can also be doubly refracted by crystals and polarised. 
If light be allowed to fall upon a Nicol s prism or a plate of 
tourmaline, all the vibrations of the transmitted light are 
reduced to one plane, the rest being absorbed by the tour- 
maline or totally reflected within the Nicol. If a second 
Nicol or plate of tourmaline be placed in the course of the 
light in one position the whole of the light will be trans- 
mitted, but if the second Nicol or tourmaline be turned at 
right angles to this the whole will be cut off. If a thermo- 
pile be placed in the course of the light it will be found 
that when the light is transmitted the pile is affected, but 
when the light is cut off no current is produced by the pile, 
shewing that all calorific radiation is cut off with the light. 
Hence the non-luminous radiation must be polarised by the 
first Nicol or tourmaline, and, in the case of the Nicol, this 
shews that it is also subject, like light, to double refraction. 

243. We see, then, that non-luminous radiation accom r 
panies light in reflection, refraction, double refraction, and 
polarisation, and is subject to precisely the same laws as the 
light itself. Hence we infer that it is of the same nature as 
light, that is, a vibratory motion of the luminiferous ether, a 
very rare jelly-like solid which is supposed to pervade the 
whole visible universe. By exploring the spectrum with the 
thermo-pile we learn (Art. 230) that in most cases the greater 
part of the radiation is less refrangible than red ligJit^wuk^Sbfee 

a. ^ 
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vibrations constituting it are therefore longer and less rapid 
than those of red light. Fluorescent bodies indicate that when 
the source is at a white heat, there is also emitted radiation 
more refrangible, and therefore of shorter wave-length, than 
violet light, but this generally has very little heating effect 
We conclude that all the radiation from hot bodies is of the 
same nature as light, but that only that portion of the radia- 
tion whose period of vibration lies between certain limits 
produces the sensation of light These limits vary some- 
what with different human eyes, and there is no reason 
apparent why some animals should not possess eyes capable 
of being affected by the radiation from bodies far below a 
red heat, or even at ordinary temperatures, so as to see every 
thing perfectly clearly in a room perfectly dark to us, pro- 
vided the temperature is above a certain point. 

Light and non-luminous radiation being thus identical in 
nature and obeying the same laws, all the propositions of 
optics are equally true for all heat producing rays. 

244. Through uniform media radiation is propagated in 
straight lines. 

Suppose radiation emitted Fig. 46. 

from a very small body at A 
to pass through a rectangular 
hole in a fixed screen B, and to ___ 

fall on a second screen C 9 which ^ L -r ** rs ""~ 
is placed parallel to B. The 
whole of the radiation which 
passes through the hole in B will 
fall on a rectangular area on G, and the area of this rectangle 
will be proportional to the square of the distance of the 
screen C from A. But wherever the screen C is placed, the 
amount of radiation which reaches it is the same, viz.: — 
that which passes through the hole in B. Therefore the 
amount of radiation which falls on each unit of area of the 
rectangle efgh varies inversely as the area of this rectangle, 
that is, inversely as the square of the distance of C from A. 
Hence the intensity of the radiation at any point varies 
inversely as the square of the distance of the point from the 
source. This is known as the law of inverse squares. 
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245. If the direction of the screen G be changed so that 
it receives the radiation from A very obliquely, it will be 
seen that the area of G on which this radiation which passes 
through the hole in B falls, will be increased, and the 
amount of radiation falling on the unit of area will be cor- 
respondingly diminished. In this way it will be seen by 
the student who has read Trigonometry that the intensity of 
the radiation received by C w proportional to the cosine of the. 
angle of incidence. 

246. We have said (Art. 202) that heat is transmitted 
by radiation when it travels from one point to another with- 
out heating the medium through which it parses. That ra- 
diation will pass through air without sensibly heating it may 
be shewn by the following experiment : — Let a small piece 
of platinum be covered with lampblack and placed in the 
bulb of a differential thermometer. By means of a lens let 
some of the solar radiation be brought to a focus in the air 
within the bulb, care being taken that none of the rays fall 
upon the platinum. The liquid in the tube will give a very 
slight indication of heat (and this slight indication arises 
principally from the heating of the glass of the bulb and 
consequent heating of the air in contact with it), shew- 
ing that the air is not sensibly heated by the rays. Now 
let the lens be moved till the focus falls upon the platinum. 
The latter will be almost immediately heated to redness and 
will then heat the air around it, and the liquid in the tube 
will be rapidly driven towards the other bulb. 

247. Different surfaces possess different powers of ra- 
diation; this may be shewn by constructing a metal cube, 
polishing one side, leaving a second with a dead metallic sur- 
face, covering a third side with velvet or other material, 
and a fourth with lampblack. If the cube be filled with 
boiling water and its sides successively presented to the. 
thermo-electric pile at a distance of, say, one foot, the galva- 
nometer will shew that the radiation is greatest from the 
side covered with lampblack, next greatest from the velvet 
side, and least from the polished side. This cube is called a 
Leslie's cube. . By covering its sides with different materials 
we may determine their relative radiating powers. 
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Similarly, if two equal tin canisters be filled with hot 
water, and one expose its polished surface to the air, while 
the other is closely covered with flannel, the latter will cool 
more quickly than the former on account of the radiating 
power of the flannel If the flannel do not touch the canister 
it will serve to keep in its heat. 

From these experiments we conclude that surfaces which 
reflect well radiate badly, while bad reflectors are good radiators. 

Again, if the bulb of a thermometer, or face of a ther- 
mo-electric pile, be covered with lampblack, it will absorb 
radiation incident upon it much more readily than if it be 
kept clean. A quantity of water can be boiled in a kettle 
whose exterior has been blackened, much more readily than 
in a similar kettle kept bright. Combining these results with 
those of the experiments just described, we infer that sur- 
faces which reflect well both radiate and absorb badly, while 
surfaces which are bad reflectors are good radiators and also 
absorb a large portion of the radiation incident upon them. 

We may mention that the absorbing power of any surface 
is generally different for the radiation from different sources. 
Lampblack absorbs nearly all the radiation incident upon it 
from any source, and for this reason the bulb of the ther- 
mometer, or face of the thermo-electric' pile, employed to 
measure radiation, should be covered with lampblack. The 
radiation emitted by any body always increases as the tem- 
perature of the body is raised. 

248. The difference between the absorbing power of a 
bright metallic surface and of a blackened surface can be con- 
spicuously shewn by the 
apparatus shewn in ng. 47, 
in which A and B repre- 
sent two discs of tinned 
iron to the backs of which 
are soldered small bars 
of bismuth, G and D. The 
disc A is bright, but B 
is covered with lamp- 
black. The discs are 
united by a copper wire 
AB, and the bismuth 



Fig. 47. 
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bars are connected with the electrodes of a galvanometer, G. 
A red-hot iron ball E is placed midway between the discs. 
Now, if the junction of the bismuth bar, J9, with the iron plate, 
B, only be heated, an electric current will pass from the bis* 
muth to the iron across the hot junction, and so go through 
the galvanometer from C to D. If the junction of A and 
alone be heated the current will go through the galvano- 
meter in the opposite direction, while if both junctions be 
heated equally no current will be produced. After intro- 
ducing the hot ball between the plates it is found that the 
current passes through the galvanometer from C to D, in- 
dicating that the junction of the bismuth with the blackened 
plate B is more heated than the other, whence we. infer that 
the plate B absorbs more radiation than the bright plate A. 
By removing B farther from the source of heat we can find 
a position for B in which no current passes, and then, com- 
paring the distance of A and B from E 9 can calculate ap- 
proximately the relative absorbing powers of the two sur- 
faces. 

249. If some letters be written in ink on a piece of 
platinum foil, on heating the foil to redness a little oxide of 
iron is left clinging to the platinum. If the foil be now 
heated in a Bunsen flame in a dark room the letters will 
appear much brighter than the rest of the foil, shewing that 
the iron oxide, which reflects much less light than the 
platinum, radiates much more when incandescent. Now 
let the platinum be turned over in the flame so that the 
plain side may be seen. The letters will still appear legible 
(though inverted), but in this case the letters appear dark 
on a bright ground. The reason of this is that more radia- 
tion being emitted from the iron oxide than from the pla- 
tinum, the metal is cooled where the letters are written 
more than elsewhere, and the reverse side presenting every- 
where an uniform surface of platinum the amount of radia- 
tion emitted depends only on the temperature of the metal, 
and is therefore less behind the letters than elsewhere. 

250. We have stated (Art. 247) that the radiation 
emitted by a hot body increases as the temperature rises. 
The amount which it receives depends of course upon the 
temperature of surrounding bodies, and if it \^ ^£&Rfc&. Ssjl 
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an enclosure of uniform temperature below that of the body, 
the rate at which it will lose heat will depend on this differ- 
ence. Newton came to the conclusion that the rate of cooling 
is proportional to the excess of the temperature of the body 
over that of the enclosure. This result is known as Newton's 
law of cooling, but is not strictly true. Dulong and Petit 
investigated the rate of cooling both in air and in vacuo of a 
thermometer bulb which was placed in the interior of a thin 
copper sphere, the sphere being immersed in water at a 
known temperature. Their results indicate that the ve- 
locity of cooling depends upon the absolute temperature 
both of the body and the receiver, and not simply upon their 
difference. For the same difference of temperature, the 
velocity of cooling increases with the temperature of the 
enclosure. Thus, the difference of temperature being 100°, 
the velocity of cooling when the enclosure was at 80° C. and 
the thermometer at 180° C, was 1*87 times the velocity when 
the enclosure was at 0° and the thermometer at 100° C. 



Theory op Exchanges. 

251. If in the fpcus of one of the conjugate mirrors 
described in Art. 233 we place the bulb of a thermometer, 
while a block of ice is placed in the focus of the other, the 
thermometer will indicate a decrease of temperature. The 
same would happen if the thermometer were placed in a 
cavity in a block of ice without touching the latter. The 
reason of this is that the thermometer emits more radiation 
to the ice than it receives from it. If the thermometer be 
placed in a room whose walls, as well as everything in the 
room, are at the same temperature as the thermometer, 
the latter will indicate no change ; while if the thermometer 
be originally at a lower temperature than the room its 
temperature will increase ; if, on the other hand, it be at a 
higher temperature than that of the room its temperature 
will decrease. The behaviour of the thermometer in all 
these cases is completely explained by Prevost's Theory of 
Exchanges. 

This theory asserts that every body radiates at a rate 
depending only on the nature and temperature of its surface, 
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while it absorbs a certain fraction of the radiation it receives 
from other bodies, which fraction is a measure of the ab- 
sorbing power of its surface for the particular kind of radia- 
tion which it receives. 

252. From the fact that a surface appears equally 
bright in whatever direction it be viewed it follows that 

The amornit of radiation emitted by any surface is greatest 
in the direction of the normal to the surface, cmd that for 
other directions the amount is proportioned to the cosine of the 
angle which the direction makes with the normal Also we 
have seen (Art. 244) that 

The intensity of radiation at any point varies inversely 
as the square of its distance from the source. 

From these data it may be shewn geometrically that 
if two bodies, A and B, which emit the same amount of 
radiation per unit of area of their surfaces, be placed near 
to each other, the amount of radiation reaching A from B 
is equal to the amount from A which falls on B. 

Suppose a thermometer to be placed with its bulb 
at the centre of a hollow sphere, which is initially at 
the same temperature as the thermometer, and any part 
of whose surface is capable of radiating ten times as 
much as an equal portion of the surface of the thermo- 
meter bulb at the same temperature* Experiment shews 
that the thermometer always retains the temperature of 
the enclosure in which it is placed. Suppose also that 
the surface of the sphere absorbs one-half of the radiation 
which falls 1ipon it from the thermometer, the other half 
being returned to the thermometer by reflection. Then 
if the surface of the sphere radiated as much per unit 
of its area as that of the thermometer, just as much radia- 
tion would reach the thermometer from the sphere as the 
thermometer itself gives out; for, while the whole of the 
latter reaches the sphere, only a very small part of the 
radiation from the parts of the sphere reaches the small bulb 
at its centre, viz. that part of the radiation which leaves 
the surface of the sphere along the radius, or nearly in 
that direction. But since the sphere radiates ten times 
as much per unit of area as does the thermometer bulb^ i< 
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follows that ten times as much radiation reaches the thermo- 
meter from the sphere as reaches the sphere from the ther- 
mometer; and since the thermometer retains the same 
temperature, and no heat can be lost by it except by enter- 
ing the sphere, it follows that in each second the thermometer 
must absorb ike same amount of heat from the sphere as 
the sphere absorbs from the thermometer. But the sphere 
absorbs half of the total radiation from the thermometer. 
Therefore the thermometer must absorb one-twentieth of 
the radiation which reaches it from the sphere. Hence 
while the spherical surface absorbs one-half of the total 
radiation from the thermometer, the latter absorbs but 
•one-twentieth of that which it receives from the sphere, 
or the absorbing powers of the two surfaces are directly 
proportional to their radiating powers. Now whatever be 
the nature of the surfaces of the sphere and thermometer, 
the latter will always retain the temperature of the former; 
hence we conclude that if we measure the absorbing power 
of a surface by the ratio of the amount of radiation it 
absorbs to the whole amount incident upon it, 

Tlie absorbing power of any surface, A, for radiation 
emitted from any other surface, B, is to the absorbing power 
of B for radiation reaching it from A, as the radiating power 
of A. is to that of B. 

This relation is true not only of the whole radiation from 
the surface but also of any selected constituent thereof. 

253. As we have stated above, it may be shewn 
by geometry that if two bodies A and B, which emit the 
same amount of radiation per unit of area of their surfaces, 
be placed near each other, the amount of radiation from 
B which falls on A is equal to the amount from A which 
reaches B. Hence if any number of bodies, all at the same 
temperature, be placed in the neighbourhood of one another, 
each will emit radiation to, and receive radiation from, all 
the others, and the amount of radiation from any body B 
which any other body A absorbs, is exactly equal to the 
amount of radiation from A absorbed by B. 

Now suppose that two bodies A and B are near to each 
other, and the temperature of B is higher than that of A ; 
also suppose that the surface of B has ten times the 
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radiating power possessed by A, and therefore ten times 
the absorbing power; and moreover that B absorbs half 
the radiation falling upon it from A. Then, by what we 
have proved, A will absorb one-twentieth of the radiation 
reaching it from B. But since B is at a higher tempe- 
rature than A, more than ten times as much radiation 
reaches A from B (of which A absorbs one-twentieth) as 
reaches B from A (of which B absorbs one-half). Hence 
A absorbs more radiation from B than B absorbs from 
A, and thus the temperature of A will be raised while 
that of B will fall. Thus if A be a block of ice, and 
B a thermometer originally at 15° G, and everything else 
in the room including the walls be at 15°C, the tem- 
perature of the thermometer will fall on account of the 
presence of the ice, while if the ice be removed the ther- 
mometer is capable of receiving radiation from the wall, 
in the directions previously subtended by the ice, and thus 
its temperature will be again raised to 15° C. and kept there. 

The following is a brief summary of our results. 

254. Prevost's Theory of Exchanges may be thus stated: 

Every body emits radiation in all directions at a rate 
depending only on its temperature and the nature of its 
surface, while it absorbs radiation from aU bodies to which it 
is exposed. 

Combining this with the known fact that a body placed 
in an enclosure kept at constant temperature acquires the 
temperature of the enclosure, we see that the following law 
must be true, viz. : — 

The absorbing power of any surface, A, for radiation 
emitted from any other surface, B, is to the absorbing power 
of B for the radiation from A as the radiating power of 
A is to that of B ; the absorbing power of a surface being 
measured by the ratio of the radiation it absorbs to the whole 
radiation incident upon it. 

The absorbing powers of any surface for rays of dif- 
ferent wave-lengths are proportional to its radiating powers 
for the same rays. 

255. When radiation falls upon a transparent, or dia- 
thermanous body, as rock salt, or air, part of the radiation. 
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is absorbed within the body, and the absorption goes on as 
the radiation traverses it until all those particular rays which 
it is capable of absorbing have been filtered out, and the re- 
maining radiation is then transmitted by the body without 
sensible diminution (Art. 241). On examining the spectrum of 
radiation after traversing such a medium it will be found to 
be crossed by a number of absorption bands the radiation cor- 
responding to which has been removed, leaving black spaces 
in the luminous portion of the spectrum, spaces in which a 
thermo-electric junction is unaffected in the parts beyond the 
red, and spaces in which photographic paper is unblackened 
beyond the violet. If the body be heated so as to become 
self-luminous it will be found that it emits those rays which 
in the previous case it has absorbed. 

256. Not only is it true that bodies (including gases) 
absorb radiation of the same wave-length as they themselves 
emit, but if a body absorb radiation which is polarised in 
one particular plane, the radiation it emits when self-lumi- 
nous will be found polarised in the same plane. Thus a 
crystal of tourmaline absorbs* all vibrations perpendicular 
to its axis, transmitting only those parallel to its axis. If 
such a crystal be heated to redness and the radiation 
examined through another crystal of tourmaline, or a Nicol's 
Prism, the vibrations will be found all to take place in 
the plane perpendicular to the axis of the crystal 

257. Flame consists of gases heated so as to become self- 
luminous. Now gases (as we have seen in the case of air in 
Art. 246) possess very little power of absorbing radiation, and 
consequently possess very little power of emitting it. Hence 
a flame which contains within it no solid particles generally 
emits very little light. The flame of hydrogen burning in 
air or pure oxygen is scarcely visible in ordinary daylight, but 
if a piece of lime be heated by it we obtain the oxy-hydrogen 
lime light. When the pressure under which gases are burn- 
ing is very much increased, and their density consequently 
increased, they give out much more light than under ordinary 
circumstances. 

258. The radiation from an ordinary gas or candle flame 
is due principally to the presence of solid particles of carbon 
.within i^ and the illuminating power of coal gas depends- on 
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.the amount of carbon it contains. An ordinary candle, or 
coal-gas, flame consists of three distinct portions. The cen- 
tral portion, -4, fig. 48, called the area of non-combustion, 
contains gas which has not yet met with air, and is there- 
fore not burning, and being at a comparatively Flo 48# 
low temperature is non-luminous. Surround- 
ing this area is another in which the gas has 
'met with a partial but insufficient supply 
of oxygen, and in it a portion of the gas is 
burned while solid particles of carbon formed 
by its decomposition are raised to a very in- 
tense heat and emit much radiation. This 
is called the area of partial combustion and is 
marked B in the figure. Beyond this is the 
area of complete combustion, C, in which the 
particles of carbon are burned up, and since this area con- 
sists only of heated gas it emits very little radiation, although 
it is the hottest part of the flame. 

If the gas be mixed with air before being ignited, as in 
the flame of a Bunsen or gauze burner, the solid particles of 
carbon do not exist in it for a sensible time, and very little 
radiation is emitted. If the hand be held by the side of a 
Bunsen flame and the supply of air be suddenly cut off so 
as to make the flame bright, the sensation of heat experienced 
by the hand will be at once very sensibly increased. 

259. In 1874 Mr Crookes discovered that when radiation 
was received by a body in an almost perfect vacuum it had 
a tendency to move in a direction opposite to that from which 
the radiation came, that is, to recede from the source of ra- 
diation. In his first experiments a small light body, such as 
a piece of elder pith, was attached to each end of a straw 
through the middle of which half a needle, pointed at both 
ends, was passed, and the straw was supported in a horizontal 
tube upon the points of the half needle, which was a little 
shorter than the diameter of the tube. The balance was 
effected by heating the heavier end so as to dry it. When 
the tube was exhausted by a mercurial air-pump it was at 
first found that a hot body appeared to attract the end of the 
straw near to which it was placed, but when the exhaustion 
reached a certain stage, which was different for different 
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bodies balanced on the straw, the attraction ceased and re- 
pulsion set in. This repulsion was not due to currents of air, 
because it took place equally whether the hot body was 
placed below or above the straw. On substituting a piece of 
ice for the hot body the ice appeared to attract the end of the 
straw near to which it was placed. • 

260. Mr Crookes thus found that if pieces of metal were 
balanced on a straw the repulsion was greater when they 
were covered with lampblack than when polished, and that 
generally the repulsion was greater the greater the absorb- 
ing power of the surface. From this it would follow that 
if a disc of metal were polished on one side and covered 
with lampblack on the other and were exposed to radiation 
equally from all directions (as in diffused daylight) it would 
tend to move in the direction of the normal to its surface 
drawn outwards from its polished side, that is, the polished 
side would always appear to advance and the black side to 
retire. Upon this principle Mr Crookes constructed the 
Radiometer, a modification of which is shewn in fig. 49. 

It consists of a glass vessel into the bottom of which 
is sealed a tube, which is drawn off at the top and carries 
a sharp steel point. On this rests a light 
glass cup, A, which carries four vertical 
discs of aluminium at the extremities of 
horizontal arms at right angles to each 
other. The discs are thus supported on 
a bearing similar to that of an ordinary 
compass needle. A very narrow glass 
tube attached to the top of the vessel 
prevents the cup from falling off the point 
if the instrument be inverted. The 
vessel is exhausted through the tube 
BC, in which a hole D has been formed 
for this purpose, and the end of the tube 
is then sealed. The discs are covered 
with lampblack on one side only, and are 
arranged in order, so that the black sides 
all point in the same direction round a 
horizontal circle. From what has been 
«aid it will be seen that, with this ar- 
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rangement, the arms carrying the discs will rotate when the 
latter are exposed to radiation, in the direction in which 
the polished faces look, in the same way as the arms of 
an anemometer carrying Robinson's cups rotate in the direc- 
tion in which the convex surfaces of the cups look. The rate 
at which the arms revolve may be taken to indicate the in- 
tensity of the radiation to which the instrument is exposed, 
and hence its name. 

261. It appears at first sight as if the action of the 
radiometer might be due to the impact of material particles, 
and thus seem to favour the corpuscular theory of radiation ; 
but were the corpuscular theory true, the pressure on the 
polished surfaces at which reflection takes place, and from 
which the particles must therefore rebound, would be greater 
than that upon the blackened surfaces, which must retain 
them, and the arms would revolve in the direction opposite 
to that in which they actually move. 

262. Perhaps the best explanation hitherto given of 
the repulsion produced by radiation is that due to Professor 
Osborne Reynolds, of which the following is a brief sketch. 

Although a very good vacuum may have been produced 
within the receiver, there are always present some particles 
of air, or other gas, which, according to the dynamical theory 
of gases, are moving about in all directions, with velocities 
which increase with the temperature, and which exert pres- 
sure upon any surface exposed to their impacts. Now the 
surface of any body exposed to radiation becomes heated 
thereby, and the more so as its absorbing power is increased. 
Hence in the radiometer the blackened sides of the vanes 
become heated more than the polished sides. When the 
particles of air strike the surface, they rebound with veloci- 
ties which on the average are greater than those with which 
they strike it if the temperature of the surface be higher 
than that of the enclosure, and thus act like elastic balls 
whose coefficient of elasticity is greater than unity. The 
greater the velocity with which they rebound, the greater is 
the pressure they exert on the surface, and this pressure will 
therefore be greater the higher the temperature of the 
surface. The pressure of the air on the side of a bod^ 
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exposed to a source of radiation will therefore be greater 
than that on the opposite side, and the body will consequently 
appear to be repelled by the source ; while in the radiometer 
the pressure of the air on the blackened faces will be greater 
than that on the polished faces, because their temperature is 
higher, and the arms will therefore rotate in the direction in 
which they are observed to move. 

2G3. If the radiometer be exposed for some time to a 
high temperature, so as to heat the vanes considerably above 
the temperature of the air in the room, and be then al- 
lowed to cool, the blackened sides of the vanes will cool 
most readily, being better radiators than the other sides, 
and the bnght sides being thus left at the higher tem- 
perature the vanes will rotate in the opposite direction to 
that in which they move when exposed to sunlight in the 
usual way. By concentrating sunlight by a lens on the 
vanes they rotate rapidly, the black sides retiring ; then on 
removing the instrument into the shade the rotation ceases 
and presently commences in the opposite direction. 

264. By employing iron vanes and floating the instru- 
ment in water, while the vanes were held stationary by mag- 
nets, Dr Schuster found that the glass bulb rotated slowly 
in the opposite direction to that in which the vanes tended 
to rotate, thus shewing that the stresses producing the 
motion were not between the vanes and the source of light, 
as would be the case if the light acted directly upon the 
vanes, but both action and reaction were confined to the 
instrument itself. 
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265. We have now to consider the application of some of 
the experimental results we have obtained to the explanation 
of natural phenomena. We have seen that if air be heated 
without increasing the pressure to which it is exposed it ex- 
pands considerably. Hence hot air will rise in cold air on 
account of the action of gravity. Now during a hot day the 
sun heats the surface of the land and of the sea, but owing to 
cooling by the evaporation of the latter, and communication of 
heat to the water below on account of the continual movements 
of the sea, while the land is for the most part a very bad con- 
ductor of heat, the surface of the sea, and consequently the 
air in contact with it, becomes much less heated than that of 
the land. The air above the land being therefore more 
highly heated than that over the sea will ascend, and air 
from the sea will flow in to occupy its place, forming a sea 
breeze. 

During the night the land parts with its heat by radiation 
and becomes much more cooled than the sea, on account of 
the low radiating power and high specific heat of the latter. 
The wind then blows from the land to the sea, since the air 
above the sea ascends, thus forming during the night, a land 
breeze. 

266. The equatorial regions of the earth become highly 
heated by the sun, which is vertical, or nearly so, in these 
regions at noon. The air there becomes consequently less 
dense than that in the adjoining temperate zones, and there- 
fore ascends to give place to the colder air, which, under 
the action of gravity, flows in from North and Souths thua. 
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tending to produce a North wind on the borders of the tem- 
perate and tropical zones in the Northern Hemisphere, and a 
South wind in the corresponding regions of the Southern 
Hemisphere. Now the surface of the earth near the equator 
has a velocity from West to East of more than a thousand 
miles an hour, on account of the earth's rotation, while places 
in higher latitudes have a less velocity. As the air, then, 
flows towards the equatorial regions It is continually reach- 
ing places which have a greater velocity from West to East 
than those from which it comes, and, since it cannot im- 
mediately acquire this velocity, it has always a motion from 
East to West relative to the place over which it passes. Com- 
bining this with its previous motion towards the equator 
we get a North East wind in the Northern Hemisphere and 
a South East wind in the Southern Hemisphere. These are 
the trade winds, 

267. Now the air which ascended at the equator must 
come down somewhere to take the place of the air which 
flowed towards the equator from higher latitudes and make 
room for the air which continues to rise at and near the 
equator. This current of air on reaching the earth's surface 
has, of course, a motion towards the nearer pole, but since it 
comes from places whose motion, on account of the rotation 
of the earth, is greater than those to which it is travelling, it 
will always have a velocity relative to these latter places in 
the direction in which the earth is turning, that is, from 
West to East, and combining this motion with its motion to- 
wards the pole we get a South West wind in the Northern 
Hemisphere and a North West wind in the Southern Hemi- 
sphere. These are the Counter Trades. 

268. On account of the great amount of heat absorbed 
by water in evaporating, the presence of a large quantity of 
water will have a great effect in moderating the excessive 
heat of the climate in summer, and its high specific heat 
enables it to give out so much heat while being cooled in 
winter as to considerably alleviate the cold in that season. 
The great equatorial current which (probably partly driven 
by the trade winds) has a motion from east to west in 
the Atlantic Ocean, and rushing into the Gulf of Mexico, 
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washes round its shores, and then crosses the Atlantic as the 
Gulf stream, has much to do with moderating the winter 
temperature in the north-west of Europe. Places in central 
Asia and North America in the latitude of London ex- 
perience excessive cold in the winter. The latitude of 
Moscow is not far different from that of Edinburgh. 

269. We have seen that if air be allowed to expand, by 
diminishing the pressure upon it, without allowing it to 
receive heat, it becomes cooled. Now, if the air be originally 
saturated with aqueous vapour, the diminution of the pres- 
sure which the vapour can exert on account of the decrease 
of temperature proceeds faster than the diminution of the 
pressure which it would have to exert on account of the 
expansion of the air if it all remained as vapour. Hence, as 
the air expands, some of the vapour must be condensed. In 
this way a cloud is formed in the receiver of an air-pump 
as the exhaustion proceeds. 

Consider an ascending current of air nearly saturated 
with aqueous vapour. As it ascends it becomes cooled, and 
soon the vapour within it is no longer able, notwithstanding 
its expansion, all to exist as vapour, and a portion of it con- 
denses, forming a cloud, which consists of drops of water so 
small that the resistance offered to their motion by the air 
is sufficient to prevent their falling through it except with 
an exceedingly small velocity. The cloud seen to form in 
front of the spout of a tea-kettle containing boiling water, or 
above the safety valve of a steam boiler, consists of small 
drops of water, and not of steam which is invisible. In the 
case of a kettle in which the water boils violently there is 
true steam which is invisible for some distance in front of 
the spout. 

270. Cloud may also be formed by a warm wind blowing 
against the side of a cold mountain. Here the wind is 
cooled by actual contact with the mountain, as well as 
by having to ascend its sides and so expanding under 
diminished pressure. As the air leaves the mountain the 
cloud sometimes evaporates, so that there appears to be a 
stationary cloud around the mountain top notwithstanding 
the presence of a strong wind. The cloud is, however, con- 
tinually being blown away and renewed. 

a ^\ 
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From this we should expect mountains to exert a great 
influence on the condensation taking place in their neigh- 
bourhood, and it is a matter of observation that the rainfall 
in mountainous districts is, other things being the same, 
much greater than on extensive plains, while the districts 
lying to leeward of lofty ranges are sometimes rainless. 

271. Another cause of condensation is the mingling of 
currents of air at different temperatures. The pressure 
which aqueous vapour can exert at the mean of two tem- 
peratures is considerably less than the mean of the pressures 
it can exert at those separate temperatures, and conse- 
quently when two quantities of air at different temperatures 
mix, if each be originally saturated with aqueous vapour 
a portion of this must be condensed. 

Thus the greatest pressure of aqueous vapour at 5°C. is 
about *257 in. of mercury, while at 15° C. it is about 'Sin. 
The mean of these is '3785 in., but the greatest pressure 
of aqueous vapour at 10° C. is only "36 in. Now suppose 
two equal masses of air, saturated with aqueous vapour at 
the temperatures of 5°C. and 15° C. respectively, to mix. 
The temperature of the mass will then be reduced nearly 
to 10° C, and consequently a portion of the vapour will 
be condensed till its pressure is only *36in., instead of 
•3785 in., or about 5 per cent, of the whole amount of vapour 
in the two masses of air will be precipitated to form cloud. 
During this condensation the vapour which is condensed 
gives up to the air the latent heat of evaporation, thus 
preventing it from being cooled quite to the mean of the 
two temperatures, and also diminishing accordingly the 
amount of precipitation. 

In all these cases cloud is formed by the cooling of the air 
below the dew-point. 

When a cloud is formed near the surface of the earth, 
it forms &fog or mist 

272. When some of the small drops of water in a cloud 
unite to form larger drops, they fall more rapidly than the 
others, and meeting with the small drops as they fall through 
the cloud, they attach themselves to them, thus increasiug 
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their own bulk and in consequence falling more rapidly. 
The union of the small drops of water of a cloud or fog thus 
produces rain. 

The very great amount of evaporation taking place in 
the equatorial regions, and the strong upward current of 
air there produced, account for the enormous rainfall in 
those parts. 

273. If, as the small raindrops fall, they pass through 
colder regions of the atmosphere, they become frozen, and 
thus fall as hail. Different opinions are, however, held with 
regard to the mode of formation of hail. 

If a cloud exist at a temperature below 0° C, or be 
formed by the mingling of a quantity of warm air with 
air so cold that the temperature of the mixture is below 
0° C, the condensed vapour will consist of minute crystals 
of ice. It is these small ice crystals which form halos round 
the moon on cold nights, and sometimes, especially in the 
early morning, produce beautiful halos round the sun. The 
union of these small crystals produces snow flakes, which 
grow as they descend by the aggregation of other crystals 
to their exterior. 

We have stated (Art. 140) that water may under special 
circumstances be cooled below 0°C. without freezing. Now 
and then this happens to raindrops which fall as water, 
but as soon as they meet with any disturbing body they 
congeal, forming a solid sheet of ice over the surface of an 
umbrella, or any other body on which they may fall, although 
its temperature may have been initially above 0° C. 

274. The earth in any locality emits radiation at a 
rate depending upon the nature and temperature of its 
surface. During the day it receives radiation from the sun, 
but during the night this is not the case; and a fall of 
temperature is the result. If the night be cloudy, the clouds 
radiate to the earth almost as much heat as they receive 
from it, so that its temperature is not much reduced ; but 
if the night be clear, the surface of the earth radiates into 
space, and receiving nothing in return, a cold night is the 
result. The air very close to the earth, then, frequently 
becomes cooled below the dew-point, especially if the day 

\"V— ^ 
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has been warm, and a white mist is seen to cover the 
land, particularly where grass, or the like, is growing. This 
mist deposited on the surfaces of the earth, of plants, &c, 
is dew. 

Very nmeh more dew is deposited on grass and similar 
vegetable structures than upon the bare earth, or stones. 
The reason of this is that the blades of grass are exceed- 
ingly good radiators, but very bad conductors of heat ; they 
therefore become intensely cold, and the air around them 
being cooled by contact, deposits very much of its moisture 
upon their surfaces. Stones and the like are -not such 
good radiators as blades of grass, while their conductivity 
is much greater, so that they receive heat by conduction 
from the ground below, to make up in part for that which 
they lose by radiation. 

On account of the great radiating power but small con- 
ductivity of straw, the water in shallow vessels, if exposed 
upon a heap of straw, may be frozen during the night in 
hot regions of India. 

The theory of Dew was first clearly worked out by 
William Charles Wells, a London Physician, and the student 
interested in the subject is recommended to consult his essay, 
edited by Mr L. P. Casella, and published by Messrs Long- 
man and Co. in 1866. 

275. When the temperature of the surface of the ground, 
or of other surfaces, is reduced by radiation below 0° C, this 
temperature being also below the dew-point of the surround- 
ing air, the aqueous vapour becomes frozen as it is condensed, 
and thus hoar-frost is produced. 

Black-frost is produced when the aqueous vapour, instead* 
of subliming into hoar-frost, is first condensed into liquid 
water and then frozen. 

276. It has been stated (Art. 237) that dry air is much 
more diathermanous than air containing aqueous vapour. 
Hence in sandy deserts, where there is very little vapour in 
the $ir, not only is the earth intensely hot during the day, 
but at night, through the unchecked radiation, it becomes 
intensely cold. 
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277. Force is said to do work when it moves its point of 
application. 

The work done by a force which remains uniform in 
magnitude and direction, is measured by the product of the 
number of units of force, and the number of units of length 
through which its point of application is moved in the direc- 
tion of the force, that is, through which the force works. 

If the weight of 1 lb. be the unit of force, and 1 foot the 
unit of length, the work done by a force equal to the weight 
of 1 lb. in working through one foot is the unit of work, and 
is called & foot-pound. 

For example, if a weight of 10 lbs. be allowed to fall from 
a height of 6 feet to the ground, since the earth exerts an 
attractive force upon it in the direction of motion equal to 
the weight of 10 lbs., the work done upon the body by 
gravity is 60 foot-pounds. 

278. Work is said to be done against a force, when the 
point of application is made to move (by some agent) in the 
direction opposite to that in which the force acts, and is 
measured by the product of the number, expressing the force 
and that expressing the distance moved over by ita \avb& ^L 
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application in the direction opposite to that in which the 
force acts. 

Thus, if the 101b. weight above mentioned be raised 
from the ground to its original position at a height of 6 feet, 
CO foot-pounds of work are done against gravity. 

The work done in lifting 1 cwt. of bricks to the top of 
a scaffold 40 feet in height will be the same, viz. 4480 
foot-pounds, whether the bricks be raised in a basket over a 
pully along a vertical straight line through 40 feet, or whether 
they be carried in a hod up an inclined ladder, or wheeled in 
a barrow up planks at a small inclination to the horizon, 
although in this last case the whole distance through which 
they are moved is very much greater than 40 feet. We see 
then, that in order to find the work done against gravity, we 
have simply to multiply the weight of the body in pounds 
by the vertical height through which it is raised in feet, 
and the product is the required number of foot-pounds of 
work, and a similar process will give us the work done by 
gravity on a descending body, the weight of the body and 
the difference of level between its initial and final positions 
being all that concerns us, the form of the path described 
having no influence on the result. 

279. Hence in the case of a force whose direction is con- 
stant, if the point of application of the force do not move 
in the same straight line in which the force acts, we must 
determine the whole distance through which it has moved 
parallel to this straight line, and if this be given the work 
done by, or against, the force is independent of the path 
along which the point of application moves. 

280. If a weight of 10 lbs. be suspended at a height of 
6 ft. from the ground by a string passing over a smooth 
pully it will be able, in descending, to lift a weight less than 
10 lbs., but differing from it by a quantity as small as we 
please, and attached to the other end of the string, through 
the same height ; and we may therefore say that in virtue 
of its position relative to the earth, it is capable of doing 
60 foot-pounds of work upon another body, or to speak 
more correctly, the system composed of the 101b. weight 
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and the earth, is capable of doing 60 foot-pounds of work 
in virtue of the relative positions of these bodies. Similarly 
if a spring be compressed it is capable of doing work (in 
virtue of its compression) when allowed to resume its natural 
form. 

281. Again, if we succeed in catching a cricket-ball in 
one hand, we are conscious of a pressure exerted by the ball 
on the hand, and we also observe that the ball compels the 
hand to move backwards over a certain distance in the 
direction in which the ball is moving, that is, in the di- 
rection in which it presses the hand. Hence the ball does 
an amount of work on the hand, which, if the pressure 
exerted by it were uniform, would be measured by the 
product of this pressure, and the distance through which 
the hand moves in the direction of the pressure. The ball 
is therefore capable of doing work in virtue of its motion. 
If the ball were to fall on the top of a spring it would bend 
the spring by doing work upon it, and would thus put the 
spring in a position to do work on being allowed to regain 
its original form. (It may be shewn that the amount of 
work the ball can do is proportional to the product of its 
mass and the square of its velocity.) 

Of course the cricket-ball is unable to do work unkss it 
meets with some object not moving with the same velocity 
as itself, so that in strictness we ought to say that the 
system consisting of the ball and the object which it strikes 
is capable of doing work in virtue of the relative motion 
of the parts. When we speak of the work which a moving 
terrestrial body can do, we generally mean the, work it 
can do in being brought to rest relatively to the earth. 

282. Hence we see that a system of bodies may be 
capable of doing work in virtue of its configuration, that is 
the relative position of its parts, or, of its motion. The whole 
amount of work which a system is capable of doing is 
called its energy. That portion of its energy which is due 
to its motion is called its kinetic energy, while that portion 
of the energy which is due to its configuration, is called 
potential energy. 
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283. Potential energy and Kinetic energy are mutual!; 
convertible. Thus if a weight of 10 lbs. be held at a height 
of 6 ft. above the ground, it may be said to possess 60 foot- 
pounds of potential energy in virtue of its position relative 
to the earth. If it be allowed to fall freely from this height, 
at the instant it reaches the ground its potential energy is 
-zero, but it has a considerable velocity, and the kinetic 
energy it possesses in virtue of this motion is exactly equi- 
valent to 60 foot-pounds. If the velocity were now reversed 
this kinetic energy would be at first the same as before, 
but the body would now continue to rise, losing velocity 
and therefore kinetic energy as it goes, until it would come 
to rest at a height of 6 ft. from the ground where its kinetic 
.energy would be zero, since it would be at rest, but its 
potential energy would be 60 foot-pounds. Of course if it 
remained unsupported it would immediately begin to de- 
scend again, and the same cycle of events might be repeated, 
so that we should have the potential energy originally 
possessed by the ball, alternately converted into kinetic 
energy, and this reconverted into potential energy. This 
actually takes place in the case of the motion of a clock 
pendulum, or any vibrating body, the energy of which is 
potential when at the extremity, and kinetic when in the 
middle, of its swing. At any intermediate point the energy 
is partly potential and partly kinetic. The energy of a bent 
spring is potential energy, while that of a canon-ball after its 
discharge is kinetic energy. 

284. It should be observed that the units of force and of 
work we have adopted, viz. the weight of a pound, and the 
foot-pound, both belong to a class of variable units called 
gravitation units, for a pound is properly a definite quantity 
of matter, and its weight depends upon the locality in which 
jit is placed, as well as its height above the sea-level, since 
the intensity of gravity varies both with the latitude and 
the distance from the earth's centre. On this account these 
units are not well adapted for general use throughout the 
world, and other units, called absolute units, which do not 
depend on the attraction of the earth, have been employed 
to supersede them. 

The British Absolute unit of force is that force which 
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icting on a pound of matter for a second, generates in it 
\ velocity of one foot per second, and is called a pounded. The 
Sritish Absolute unit of work is tlis work done by this force 
n working through one foot, and is called a foot-poundaL 

This unit of force is rather less than the weight of half 
,n ounce in the latitude of London. 

285. The units of length, mass and time generally em- 
Joyed in scientific work are the centimetre, gramme and 
econd, and units based upon these are frequently distin- 
•uished by the letters C. G. S. 

The C. G. S. unit of force is that force which, acting on a 
rammefor a second, generates in it a velocity of a centimetre 
>er second, and is called a Dyne. 

The C. G. 8. unit of work is the work done by a Dyne in 
wrking through a centimetre, and is called an Erg. 

The weight of a Gramme at the sea level in Paris is 
qua! to about 981 Dynes. 

286. Newton in commenting on the third law of motion 
aakes a statement which may be translated as follows : — 

" If the action of an agent be measured by the rate at 
ihich it works, and the reactions of the resistances, whether 
rising from friction, cohesion, or weight by the rate at 
ihich work is done against them, and if amongst these re- 
ctions we include the rate at which kinetic energy is being 
enerated in the system, action and reaction in all combi- 
ations of machines are equal and opposite." 

This statement is equivalent to asserting that when 
n agent does work on a system, the whole of the work 
one is equivalent to the work done against gravitation, 
ohesion, friction (and other forces) together with the kinetic 
nergy generated in the system. Now we have seen that 
rhen work is done against gravity, an equivalent amount 
f potential energy is conferred on the body which is raised, 
nd the same is true when work is done against any forces 
rhich, like gravity, are independent of time and of the 
lotion of the system. Hence if a system be acted on by 
>rces of this nature only, Newton's statement is equivalent 
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to the assertion that the work done on the system by any 
agent is equivalent to the change produced by it in the sum 
of the potential and kinetic energy of the system. This is 
a case of the great Principle of the Conservation of Energy. 
In particular, we see that if no external agent affect the sys- 
tem the sum of its potential and kinectic energy will remain 
constant. 

287. If work be done against friction, or force of a like 
nature, no potential energy is conferred on the moving 
system, for friction always acts so as to prevent motion, 
and can therefore have no tendency to bring a body back 
into its original position, as gravity tends to do when a 
weight is raised. 

The work done against friction, therefore, appears at first 
sight to be lost, and for a long while this was believed to be 
the case. It has its equivalent, however, in the energy due 
to a motion which we have not yet considered. 

288. If a brass button be rubbed vigorously on a board 
and then applied to the skin, we become conscious that the 
button is hot The physical agent which produces this sensa- 
tion is called heat (Art. 1). Now the work done upon the 
button by the person rubbing it is not in this case converted 
into energy of position, as the button may be finally brought 
to rest at the point from which it started, nor is any portion 
of it finally converted into the energy of motion of the button 
as a whole, since it is at last brought to rest. It remains then 
for us to discover what has become of the work done on the 
button. 

289. If a resined bow be rubbed against the string of a 
violin, both friction and adhesion tend to retard the motion, 
and work has to be done against these forces by the hand of 
the violinist. After the passage of the bow the instrument 
emits a musical note, and on examination it is found that the 
string is in a state of vibration, a state which it also com- 
municates to the wood of the violin, whence most of the 
sound is emitted. In this case the work done by the hand 
of the violinist is partly transformed into the energy of the 
vibrating string and sound-board, and thence into the energy 
of sound-waves in air. 
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Again, if a number of elastic wires have each one end 
stuck into a board, like bristles in a brush, and the hand 
be made to pass over their tops, the work done by the hand 
will produce vibrations in the wires which will be in part 
communicated to the board. Now the surface of any body 
which is not perfectly smooth, a condition fulfilled by no 
known object, consists of a series of small projections, and the 
passage of a rough surface over these causes them to vibrate, 
in the same manner as vibrations are set up by the passage 
of the hand over the wire brush, or of the bow over the violin- 
string, though, of course, on a very much smaller scale. Now 
it is the passage of these ^projections on each surface, over 
one another, that is the cause of friction, and the work 
done against friction is consumed in setting up vibrations in 
these small portions of matter, these vibrations being con- 
tinually communicated to the other material particles in 
contact with them, (conduction of heat,) so that vibrations 
are set up in every particle of which the button or other body 
is composed. (All natural surfaces possess projections of this 
nature ; the art of polishing consists in making them as small 
as possible. A surface is highly polished when they are small 
compared with the length of a wave of light, or the 50,000 th 
of an inch.) It is this state of vibration which when com- 
municated to our nerves produces the sensation of heat, and 
the whole of the work done against friction is converted into 
the energy of vibration of the particles of which the bodies 
which rub against each other are composed. (The part 
played by local electric currents as an intermediate form 
assumed by the energy in this production of heat has not 
been determined.) 

290. "We can now place the conservation of energy upon 
a broader basis than before, comprehending within it those 
cases in which work is done against friction and similar non- 
conservative forces, and may enunciate it thus : — 

When an Agent does work on any material system, the 
whole of the work done is equivalent to the change of the 
sum of the potential and kinetic energy of the system, in* 
eluding in the latter the energy of the vibrations set up in the 
molecules of which the system is composed. If the system <£o 
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work against an external resistance its loss of energy is equi- 
valent to the work so done. 

We thus see that the work done against friction and 
supposed by Newton to be lost, has its equivalent in mole- 
cular vibrations, constituting heat, generated in the system. 

» 291. In the case of the vibrating violin-string, the 
vibrations are communicated by the sound-board of the 
instrument, and, in small part, by the string itself, to the 
surrounding air, through which they are propagated to dis- 
tant objects, and their energy is lost by the violin. In a 
similar way the vibrations which, as we have said, constitute 
heat in bodies, are slowly imparted to a medium which fills 
space, viz. the ether, and are propagated by it to distant 
bodies in the form of radiant energy, which may or may not 
be capable of producing the sensation of light, and energy is 
then lost by the body in which it originally existed as heat 
It is the communication of vibrations from particle to par- 
ticle of a body which constitutes the conduction of heat. 

292. It was formerly believed that heat consisted of 
a kind of imponderable fluid which pervaded ail bodies, 
and that when heat was produced by the blow of a ham- 
mer, or the sudden compression of air, it was squeezed out 
of the body operated upon, by the pressure to which it was 
exposed. 

Long before the Dynamical Theory of heat was esta- 
blished, Lord Bacon expressed his conviction that heat 
consists of a kind of motion or "brisk agitation" of the 
particles of matter. In the Novum Organum, after giving 
a long list of sources of heat, in which he mentions the 
friction of trees rubbing against one another in a high wind, 
and other mechanical sources, he says : " From these exam- 
ples, taken collectively as well as singly, the nature whose 
limit is heat appears to be motion." Again, " It must not be 
thought that heat generates motion or motion heat, though 
in some respects this is true, but the very essence of heat, or 
the substantial self of heat, is motion and nothing else.* 9 But 
Bacon was too apt to theorize without sufficient experi- 
mental evidence, and the following quotation almost spoiled 
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what he had previously said : " Comparing the effects of 
fire with those of time ; time dries, consumes, undermines, 
and reduces to ashes as well as fire, and perhaps to a much 
finer degree; but as its motion is very slow and attacks 
very minute particles, no heat is perceived." He also con- 
fused the acrid and irritant properties of acids, essential 
oils, and the like, with heat, and though he cites many 
observations which afford very strong evidence in favour 
of the Dynamical Theory of heat, yet we must give to 
Rumford and Davy the credit of having established it on 
a scientific basis. 

293. Benjamin Thompson, Count Rumford, was en- 
gaged by the Bavarian government at the military arsenal 
in Munich. While superintending the boring of cannon he was 
struck by the amount of heat produced by the action of the 
boring-bar on the gun-metal castings, and this induced him 
to determine, if possible, whether or not there existed an 
igneous fluid or caloric to which the sensation of heat was 
due. To account for the heat developed by the boring-bar, 
the first source which presented itself as that from which 
the heat might have been derived, was the metal abraded 
by the borer. If this were the case, he argued, the capacity 
for heat of the chips ought to differ from that of the solid 
metal by an amount sufficient to account for the .whole of 
the heat generated. To ascertain whether this were the case 
he took equal quantities, viz. 1016£ grains, of the borings 
and of thin slips cut from the same block of metal with 
a fine saw. The slips of metal were first heated to 210° F. 
and then plunged into water at a temperature of 59£° F., 
contained in a cylindrical tin vessel. After one minute the 
temperature of the water was 63° F. The tin vessel and 
water within it had together the same capacity for heat 
as 4590 grains of water. From these data it will be seen 
that the specific heat of the metal was about '11. The same 
experiment was then tried with the metallic chips and 
the same result obtaiped; moreover, each experiment was, 
repeated three times with nearly the same results. From 
this Rumford concludes, u that the heat produced could not 
possibly have been furnished at the expense of the latent 
heat of the metallic chips." 
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294. Rumford next turned up a hollow cylinder which 
was cast in one piece with a brass six-pounder, and sepa- 
rated from it . by a narrow neck of metal. The weight of 
this cylinder, exclusive of the neck and the rest of the 
casting, was 113'13 lbs. A blunt steel borer exerted a 
pressure against the bottom of the cylinder equal to the 
weight of about 10,000 lbs. After the cylinder had made 
24 revolutions per minute for 30 minutes, its mean tem- 
perature was found to be 130° F., while its temperature 
Wore the operation was 60° F. The borings detached from 
the metal during the process amounted to only 837 grains. 

295. It then occurred to Rumford that this heat might 
possibly be due to the action of the air, and in order to 
test this he surrounded the small cylinder by a wooden 
box, through one side of which the square boring-bar passed, 
while the narrow neck which connected the cylinder with the 
cannon fitted a circular hole in the opposite side of the box, 
in which it could turn freely. About 18*77 lbs. of water 
was placed in the box so as to completely cover the cylinder, 
and the brass casting was made to turn at the rate of 
32 revolutions per minute by the action of two horses, 
though Rumford remarks that one horse would have been 
sufficient for the work. The temperature of the water at 
the commencement of the experiment was 60° F. ; in 2J 
hours it boiled. Taking into account the heat required 
to raise the temperature of the gun-metal cylinder and 
of that part of the boring-bar which was within) the water, 
Rumford estimated that the heat produced was sufficient 
to raise 2658 lbs. of water from the freezing-point to the 
boiling-point, and this calculation neglects the heat ab- 
sorbed by the box and that dissipated by conduction and 
radiation. The quantity of metal borings produced during 
the experiment amounted to 4145 grains. From this result 
Rumford concluded that the work of one horse was capable 
of generating heat more rapidly than nine ordinary wax 
candles burning in the usual manner. 

296. Finally Rumford reviewed the sources from which 
the heat might, a priori, have been thought to have been 
derived. That it could not have come from the borings was 
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shewn by the first experiment. It could not have been due 
to the action of the air, for it was produced just as readily 
when the whole apparatus was filled and surrounded with 
water. It could not have come from the water for this 
received heat, [and no chemical or other change took place 
in the water itself to account for the heat generated. That 
the heat should have come from the boring-bar or neck of 
metal connecting the cylinder with the gun, appeared more 
improbable than the previous hypotheses, for throughout the 
experiment heat was escaping from the apparatus by each 
of these channels. Moreover, " the source of the heat gene- 
rated by friction in these experiments, appeared evidently to 
be inexhaustible. 

" It is hardly necessary to add, that anything which any 
insulated body, or system of bodies, can continue to furnish 
without limitation, cannot possibly be a material substance ; 
and it appears to me to be extremely difficult, if not quite 
impossible, to form any distinct idea of anything capable of 
being excited and communicated in the manner the heat 
was excited and communicated in these experiments, except 
it be Motion." (Kumford.) 

297. About the same time as Rumford's experiments 
were published (1798), Sir Humphry Davy shewed that if 
two pieces of ice were made to rub against one another, 
even in a vacuum, though everything, surrounding them 
were at a temperature below the freezing point, the pieces of 
ice could be melted by the friction. In this case the heat 
could not have come from the ice, for heat is absorbed by it 
in fusing. Davy did not, however, see at the time that 
this experiment afforded conclusive evidence against the 
theory of the material nature of heat. 

298. The experiments of Rumford and Davy shewed 
that an unlimited amount of heat could be obtained by 
purely mechanical means, and completely disproved the 
material or caloric theory of heat. The researches of Joule 
shewed that when heat is produced by mechanical means, 
no matter how complicated the mechanism may be, or what 
transformations of energy take place, the quantity of heat 
produced is always proportional to the quantity of energy 
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expended in producing it, or the production of one unit of 
heat always requires the performance of the same number of 
units of work. Since for each unit of heat produced, the 
same quantity of energy, in some form or other, disappears, 
no matter how the process may be conducted, it follows that 
energy is the mechanical quantity which corresponds to heat, 
the other forms of energy being actually converted into heat 
Thus heat is only one of the many forms of which energy is 
susceptible. 

299. Def. The quantity of energy which, if entirely 
converted into heat, is capable of raising the temperature of 
the unit mass of water from 0° C. to 1° C is called the mecha- 
nical equivalent of heat. 

S^guin, a nephew of Montgolfier, was one of the first to 
attempt to measure the mechanical equivalent of heat He 
argued that, if heat be energy, when a steam engine does 
work, some of the heat of the steam must be consumed, and, 
consequently, less heat will leave the engine than if the 
same quantity of steam were blown through without doing 
any work. Hirn, in 1857, succeeded in detecting this differ- 
ence experimentally, and also in measuring it. From his 
result, knowing the amount of work done by the engine, 
he calculated approximately the mechanical equivalent of 
heat. 

300. S^guin, in 1837, endeavoured to determine the 
mechanical equivalent of heat from the loss of heat suffered 
by steam in expanding, but he assumed that the whole of 
this heat was consumed in doing work against the pressure 
to which the steam was exposed, taking no account of the 
change in the condition of the steam itself. 

301. In 1842, Mayer, a physician at Heilbronn, published 
an attempt to determine the mechanical equivalent of heat 
from the heat generated in the compression of air, but he 
made the same assumption as S£guin. Joule subsequently 
shewed that when air is compressed nearly the whole of the 
work done is converted into heat, but this Mayer had no 
right to assume without experimental evidence. On account 
of errors in his values of the specific heats of air at constant 
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pressure and at constant volume, Mayer's result was con^ 
jsiderably in error. > 

302. To Dr Joule, of Manchester, belongs the credit of 
having first determined the mechanical equivalent of heat 
with great accuracy by a course of investigation which was 
logically complete. His best experiments were carried out 
in 1849, and consisted in determining the amount of heat 
generated by the friction of a metal paddle in vessels con- 
taining water and mercury, and also by the friction of bevel 
wheels of cast iron against each other, the amouixt of work 
expended in driving the apparatus being measured. The ar- 
rangement employed to produce friction in water consisted of 
eight paddles made to revolve in a cylin^ Fig. 50. 

drical box of water between stationary 
vanes, as in an ordinary churn. The forms 
of the paddles and vanes are shewn in fig. 
50. The paddles were made to revolve by 
a weight which in its descent turned a 
roller, around which part of a string was 
wound, another part of the same string 
being wound round the cylinder A, which 
could be coupled, by a pin B, to the pad- 
dle. When the weight had run down 
it was wound up by turning the handle 
H after removing the pin B, when, the 
coupling being removed, the paddle was 
unaffected by the motion of the handle. 
The mass of the driving weight being 
known, as well as the whole distance 
through which it fell, the whole amount of work done upon 
the apparatus was determined in foot-pounds, and allowance 
made for all resistances outside the box containing the water, 
and for the small amount of kinetic energy possessed by 
the weights when they struck the ground. The temperature 
of the water in the vessel was observed during the experi- 
ment, and thermometers which could be read to ~^r° F. were 

employed ; the amount of water as well as the capacity for 
heat of the vessel and paddle were carefully measured and 
allowance made for conduction. These experimental data are 
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all that are required for the determination of the mechanical 
equivalent of heat, and the results shewed that the amount 
of work which must be entirely converted into heat, in order 
to raise the temperature of one pound of water 1° C. from 0°(7., 
is 1390846 foot-pounds. 

303. The apparatus employed hy Joule for stirring 
mercury was similar to that described in the last article, but 
somewhat smaller and made of iron. In another set of 
experiments he employed cast iron wheels, bevelled so as to 
form portions of a hollow and of a solid cone, and these were 
made to grind against one another, the solid cone being 
pressed into the other by means of a lever, and the rotation 
Kept up by a falling weight. Two sets of weights were 
employed in different experiments, the larger pair being 
about 58 lbs. and the smaller 19£ lbs. 

304. The extreme results of all these experiments 
varied by little more than one-half per cent., although the 
experiments differed so widely in their details, and from 
them Joule inferred that ".the amount of heat produced 
by friction is proportional to the work done and inde- 
pendent of the rubbing surfaces," and that the mechanical 
equivalent of heat is about 1390 foot-pounds. 

Hence, according to Joule, 

If the amount of heat required to raise a pound of water 
from 0°C. to 1° C. be taken as the unit of heat, the mechanical 
equivalent of heat is 1390 foot-pounds. 

This is usually denoted by J. 

If a quantity of water fall freely through 1390 feet, the 
heat produced in bringing it to rest would raise the tempe- 
rature of the water through 1° C. 

305. The experiments just cited afford the most satis- 
factory determinations of the mechanical equivalent of heat, 
but were not the first of Joule's experiments on the subject. 
In 1840 Joule shewed that if a Dynamo-electric machine 
were employed to produce an electric current, and the energy 
of the current entirely converged into heat in the conductors. 
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through which it passed, the amount of heat so produced was 
the same as if the energy employed in driving the machine 
had been directly converted into heat by friction or other 
mechanical means, without the intervention of the current. 
He also shewed that the whole heat generated in a voltaic 
circuit was proportional to the work done by the electro- 
motive force of the battery. 

306. Knowing the mechanical equivalent of heat, we 
can determine the amount of heat generated in any mecha- 
nical action if we know the number of foot-pounds of energy 
transformed. 

For example, the amount of heat which would be pro- 
duced by the fall of 100 tons of stone through a vertical 
height of 1000 feet down the side of a mountain, supposing 
the mass to come to rest at the end of this distance, would raise 

. r 2240 x 100 x 1000 
the temperature of Toon pounds, = 161,151 

pounds, of ice-cold water 1° C, or would convert about 253 
lbs. of water initially at 0° C. into steam at 100° C. 

(In this case, as explained above, the potential energy 
initially possessed by the earth and stone on account of 
their relative positions is converted into kinetic energy in 
the fall and this into heat, or thermic energy, by striking 
the ground.) 

307. We have seen that work may be readily converted 
entirely into heat. Heat must therefore be of the same 
nature as work, that is, a form of energy, and by means of 
its mechanical equivalent quantities of heat and of other 
forms of energy become comparable. 

As work can be converted into heat, so, by proper appli- 
ances, heat may be converted into work. An appliance for 
this purpose is called a heat engine. Steam engines, hot air 
engines, gas engines and the like, are forms of heat engines. 
The conversion of heat into work may be shewn by taking a 
quantity of air compressed in a tall cylinder by a number of 
weights placed upon a piston which fits it. By removing the 
weights one by one the air will expand, and in doing so will 
lift the weights left on the piston, and therefore do work. If 
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the weights be removed in sufficiently quick succession the 
air will be found to be cooled by its expansion. Now Joule 
shewed that when air expanded into vacuum, and consequently 
did no external work during its expansion, its temperature 
was on the whole unaffected. Hence the fall of temperature 
of the air lifting the weight must be due to a conversion of 

Eart of its heat into work*. Again, it is found that more 
eat is required to raise the temperature of a mass of air 
through a given number of degrees when it is allowed to 
expand against a constant pressure than when its volume is 
kept constant, in other words, the specific heat of air at con- 
stant pressure is greater than its specific heat at constant 
volume. But its temperature is unaffected by change of 
volume when it does no external work though no heat is 
allowed to enter or leave it. Hence the difference between 
the two specific heats must be due to the heat converted into 
external work when the gas is allowed to expand. 

308. The experiment by which Joule shewed that the 
whole of the heat absorbed by a gas expanding at constant 
pressure was consumed in doing external work, was under- 
taken in order to justify one of his modes of determining 
the mechanical equivalent of heat. Air at a pressure of 22 
atmospheres was allowed to escape from a vessel through 
a coil of very fine lead tube, and finally to escape into the 
air. The vessel containing the compressed air was placed in 
a calorimeter, as was also the tube, and the heat produced 
by the escape of the air measured. The energy required to 
compress the air in the vessel could be easily calculated, and 
to complete the determination it was only necessary to know 
that no heat is consumed by air in expanding at constant 
temperature when it does no work. To test this, Joule 
connected together two equal vessels, one containing air at 
a pressure of 22 atmospheres and the other exhausted. The 
vessels were placed in a calorimeter, and on opening the 
communication between the two, so as to allow the air to ex- 

* The molecular theory of gases completely explains this result, because, 
when the piston is rising it is moving in the direction in which the particles 
of gas strike it ; they therefore rebound with diminished velocity, and al- 
though they behave like perfectly elastic balls, they lose energy, that is, 
they lose heat, by the impact. 
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pand, no change toojk place in the temperature of the water. 
When the two vessels were placed in separate calorimeters, 
the water in that containing the compressed air vessel 
became cooled, while that in the other became heated to 
the same extent. 

309. From what we have said, it will appear that the 
mechanical equivalent of heat enables us, if we know the 
specific heat of air at constant pressure, to determine its 
specific heat at constant volume. The method will be made 
clear by the following example. 

Suppose a cubic foot of air under a pressure of 15 lbs. 
weight per square inch and at 10° C. to weigh 1£ ozs., and 
suppose its specific heat at constant pressure to be '237: 
Let the air be placed in a cylinder closed by a piston whose 
area is one square foot, the weight of the piston being so 
counterpoised that the pressure on the air in the cylinder 
is equal to the weight of 15 lbs. on each square inch. Then 
the whole pressure of the air on the piston will be equal 
to the weight of 144 x 15 lbs., that is, of 2160 lbs. Now 
let the air be heated to 100° C. It will then expand (Art. 107) 

till its volume is ^^ cubic feet, and will therefore raise the 

Zoo 

90 
piston through -^^ feet. Hence the work done by the 

air in expanding will be — ooo" — foot-pounds, or about 

687 foot-pounds. The mechanical equivalent of heat being 
1390 foot-pounds, the amount of heat consumed in doing this 

work would raise the temperature of ^^ — t^qt; pounds of 

water 1° C. 

5 

Now the mass of air heated is 1J oz. or ^7 of a pound, 

and its temperature is raised through 90° C, its specific 
heat being *237. The amount of heat employed would there- 
fore raise through 1° C. the temperature of jrj lbs. 

of water, or of 1*666 lbs. of water. But of this number oi; 
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2160 x 90 
units of heat ^r — tk^k, or '4942, units is consumed in doing 

external work. Therefore the amount employed in actually 

raising the temperature of ^7 lbs. of air through 90° C. is 

16666 — '4942, or 11724 units. But since air is not cooled 

by expansion if it do no external work, this amount is the 

same as would be required to raise the temperature of the 

same air to the same extent, if its volume were kept constant 

5 
Hence to raise the temperature of gj lbs. of air through 90° C. 

at constant volume we require 1*1724 units of heat, and the 
specific heat of air at constant volume is therefore 

1-1724 x 64 _ ., am 

—wlTs — 1667 - 

From this we see that the ratio of the specific heat of 
air at constant pressure to its specific heat at constant 

volume is *" = 1*42... According to the best experi- 

A vlvl • • • 

ments the value of this ratio for air and other permanent 
gases is between 1*41 and 142. 

310. We have said that heat engines are capable of 
converting heat into work, and this is usually effected by 
taking advantage of the expansion of some substance when 
heated. This substance is called the working substance. 
If the engine, after a complete stroke, leaves the working 
substance in the same state in which it finds it, so that 
it is capable of employing the same substance an indefinite 
number of times in succession, the substance is said to go 
through a complete cycle of changes ; as, for instance, when 
the waste steam from an engine is condensed and returned 
to the boiler. 

311. An engine can convert heat into work only by 
allowing heat to pass into the working substance from a 
source at a high temperature, and allowing part of this 
to escape from the substance to a condenser at a lower 
temperature. Thus the engine cannot convert the whole 
of the heat it receives from the source into work. 
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The ratio of the amount of heat which an engine converts 
into work to the amownt received from the source is catted the 
efficiency of the engine. 

In measuring the efficiency of an engine the working 
substance is supposed to be left by the engine in the same 
condition as to temperature and volume as that in which it 
was found by it. Otherwise the engine might utilize some 
of the energy contained in the substance itself and so leave it 
deprived of part of its energy, as when air does work in 
expanding under a continually diminishing pressure without 
receiving any heat from without. 

312. If two bodies at different temperatures be placed 
in contact, heat will pass from the hot to the cold body 
without doing any work on the way. We might thus allow 
the whole of the heat from the source to pass into the 
condenser without doing any work. In order then to make 
th6 most of the heat supplied by the source, we must so 
arrange matters that when heat passes from the source into 
the working substance, or from the working substance to 
the condenser, the difference of temperature in each case 
is the least possible. The efficiency of the engine will then 
be a maximum. 

313. It can be shewn that if this difference of tem- 
perature could be made indefinitely small, and no heat be 
allowed to leave the working substance by radiation or 
conduction, except that which enters the condenser, the 
efficiency of the engine would be very nearly proportional 
to the difference between the temperatures of the source 
and condenser divided by the temperature of the source, 
reckoned from the absolute zero of the air thermometer. 
A scale of temperature for which this proportionality is 
exact instead of approximate is known as Thomson's Abso- 
lute scale of temperature, having been first proposed by 
Sir William Thomson. The difference between it and the 
scale of the air thermometer described in Art. 126 is almost 
insensible. This scale is independent of the properties of 
any particular substance, and is therefore entitled to be 
called the absolute scale of temperature* An engine which 
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fulfils thfc above condition is said to be reversible because by 
an indefinitely small change in the temperature of the 
working substance the flow of heat and every action of the 
engine can be reversed, provided that an amount of energy 
be expended by an external agent which is exactly equivalent 
to the work done by the engine when working forwards for 
the same number of strokes. 

314. Suppose an engine which satisfies the above con- 
ditions to be supplied by heat from a source at 250° C. and to 
give out heat to a condenser at 100° C. Suppose also thai 
the engine works at the rate of 10 horse-power; it is required 
to find the amount of heat taken from the source arid tte 
amount given out to the condenser per hour. 

The measure of the efficiency of the engine is ^r — =*-„ 

150 
or ^x . Now the work done per hour is 33000 x 10 x 60 

foot-pounds =19,800,000 foot-pounds, and this implies the 

... , .19800000 ,,»**„ -4. ru A 

conversion into work of — Q , or 14244*6 . . ., units of heat. 

150 

But only ^^ of the heat received is converted into work, 

373 

while the remaining -z^z of the heat is given out to the 

condenser. Hence the number of units of heat received per 

523 
hour from the source is 14244*6 x ^^=49666*1..., and the 

loO 

amount given out to the condenser is this quantity less that 

converted into work, viz. 35421*5.. . units. 

315. From what we have said it will appear that our 
ability to convert heat into work depends on our power 
of commanding differences of temperature, and the avail- 
ability of any quantity of heat for useful purposes depends 
upon the difference between the temperature of the body 
containing it and the lowest temperature we can command. 
Now if we have a hot and cold body and a heat engine, 
part of the heat of the hot body can be converted into, or 
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is available for, work; but if the bodies be placed in contact 
they will eventually attain the same temperature, and though 
no heat has been lost by the two together, yet that which 
they contain is no longer available for conversion into work 
without the introduction of a colder body. If we could 
obtain no differences of temperature heat engines would 
have no existence. Thus although the whole amount of 
energy possessed by a system of bodies unacted upon by 
anything from without remains unaltered, yet the avail- 
ability for doing external work of this energy is continually 
diminishing. The principle involved, in this statement is 
called the principle of the Dissipation of Energy. 

316. The first part of this chapter was concerned with 
the Principle of Conservation of Energy which teaches us 
that, though Energy may be transformed, it cannot be 
created or destroyed except by the direct action of a Super- 
natural Agent, and we must now conclude with this brief 
glance at the Principle of Dissipation of Energy which states 
that, though energy cannot be destroyed or created by 
natural agents, yet there is a tendency in nature for such 
transformations as diminish the available energy of any ma- 
terial system to continually occur. It is impossible in a 
work like this to give any satisfactory account of the theory 
of heat engines, or of Sir William Thomson's absolute scale 
of temperature, and we strongly recommend the reader not 
to be satisfied with the very imperfect sketch here given, 
but to consult Professor J. Clerk Maxwell's Theory of Heat, 
in which a very perfect outline of our present knowledge on 
this subject will be found. 



EXAMPLES. 



CHAPTER I. 

1. Define temperature. When is one temperature said to be higher 
than another ? 

2. When are two bodies said to be in thermal equilibrium ? 

8. What method is adopted in practice to determine whether two bodies 
are in thermal equilibrium or not? 

4. Give a definition of temperature, and explain accurately how a mer- 
curial thermometer is filled and graduated, 

5. Why should a mercurial thermometer be kept for a long while after 
it has been filled before it is graduated? 

6. Will two thermometers, with tubes of uniform bore, filled with the 
same fluid, and having their freezing and boiling-points accurately deter- 
mined, necessarily agree at intermediate temperatures? 

7. Describe some form of maximum thermometer. 

8. Why is mercury used to fill ordinary thermometers ? 

9. What advantages or disadvantages attend the use of (1) mercury, or 
(2) air, in a thermometer? 

10. A thermometer is graduated to register at the freezing-point 15° 
and at the boiling-point 125°. What division in it corresponds to 104° F. ? 

Ans. 59°. 

11. De Lisle's thermometer registers at the boiling-point 0°.and at the 
freezing-point 150°. Find the temperature on the Centigrade scale which 
corresponds to 95° De L. Ans. 36|° C. 

12. What temperature is denoted in Fahrenheit's scale by a number 
twice as large as in the Centigrade scale ? Ans. 160° C. =320°F. 

13. Two thermometers having been made from equal tubes, it is found 
that divisions of the same length serve as a Reaumur scale for the one and 
as a Centigrade scale for the other. Compare the quantities of mercury in 
the thermometers. Ans. 4 : & 
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CHAPTER II. 

1. Explain the difference between temperature and quantity of heat* 

2. What thermal unit is generally employed to measure quantities of 
heat ? 

8. Define specific heat, and describe a method by which the specific 
heat of a solid body may be determined. State the precautions required in 
pratice, and the method of correcting for loss of heat. 

4. Distinguish between capacity for heat and specific heat. 

5. Does the specific heat of a body generally depend upon its tempera- 
ture? 

6. Describe an apparatus by which the quantity of heat given off by 
any substance in cooling from any ordinary temperature to 0°C. may be 
measured* 

7. Describe the method of determining the specific heat of a solid by 
means of a Bunsen's ice calorimeter, and point out the advantages of this 
method. 

8. Describe Begnault's method of determining the specific heat of gases 
under constant pressure. 

9. How much coal is required to heat 40 tons of iron through 1000° C, 
supposing a pound of coal in burning to produce 8000 units of heat and the 
specific heat of iron to be -11379 ? Am. 1274*448 lbs. 

10. If 60 lbs. of mercury at 80° G. are poured into 20 lbs. of water at 
10° C, what will be the temperature of the mixture ? Am. 16^° C. 

11. A pound of water at 200° F. is mixed with a pound of mercury at 
60° F. What will be the temperature of the mixture when it has become 
uniform, supposing that no heat is lost from it ? Am. 195*5° C. nearly. 

12. One pound of iron, at a temperature of 100° C, is placed in 1*5 lbs. 
of water at 20° C, and when the temperature of the iron and water is the 
same it is found to be 25° C. ; find the specific heat of iron. Am. '1. 

13. Calculate the specific heat of a substance from the following data : 
81*8 grammes heated to 100° C, when immersed in a calorimeter contain- 
ing 107 grammes of water at 11*09° C, caused a resulting temperature of 
12*57° C. Am. '0057 nearly. 

14. A piece of metal, weighing 120 grammes, and at a temperature of 
100° C, is immersed in 860 grammes of water at 19° C. After the tempera- 
tures have become uniform that of the water is found to be 22° C. Calcu- 
late the specific heat of the metal. _ Am. # 11& 
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15. The temperature of 300 grammes of iron, whose specific heat is 
'113, is raised to 98° C, and the iron is then immersed in 200 grammes of 
water originally at 12° 0. and contained in a copper vessel weighing 80 
grammes. What will he the resulting temperature supposing no heat to 
escape, the specific heat of copper being *095 ? Ans. 24*07° C. 

16. A lump of platinum, weighing 12 lbs., was plunged into a vessel 
containing 10 lbs. of water at 15° C. When the temperature had become 
uniform it was found to be 20° C. Assuming that no heat was lost during 
the experiment, calculate what the temperature of the platinum must have 
been, its specific heat being *032. Ans. 150*2° C. 

17. A pound of iron at 100° C. is placed in the receiver of Laplace's 
calorimeter, and the water which flows from the apparatus is found to weigh 
1*44 lbs. Find the specific heat of iron, Ans. '114 nearly. 



CHAPTEB m. 

1. Enumerate the principal sources of heat 

2. Mention some cases in which chemical action produces a considerable 
quantity of heat. 

8. Explain how the heat produced by an ordinary coal fire has been 
originally derived from the sun. 

4. What condition must be fulfilled by the temperature of the products 
of combustion in order that a substance may continue to burn in air ? Why 
will ammonia burn in pure oxygen but not in air? 

5. How would you determine the calorific power of a sample of coal? 

6. Mention some cases in which heat is produced by purely mechanical 
means. 

7. What is the effect of heat upon stretched India-rubber, and what the 
effect on the temperature of a piece of India-rubber of suddenly stretching 
it? 

8. Describe some experiment by which the heating effect of an electric 
current may be rendered apparent. 

9. According to what law does the heat produced by an electric current 
in a wire depend upon the strength of the current and the resistance of the 
wire? 

10. Account for the heat prodnoed by the sudden crystallisation of a 
guantity of salt which has been held in solution 
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CHAPTEB IV. 

1. Define the coefficients of linear, superficial, and cubic expansion of a 
solid, and shew that the coefficients of superficial and 'cubic expansion may 
be taken as twice and three times that of linear expansion respectively. 

2. Place the following substances in the order of their coefficients of 
expansion ; air, alcohol, glass, iron, mercury, water. 

3. P escribe Boy and Bamsden's method of determining the coefficient 
of linear expansion of a metal. 

4. How is it proved that water has a point of maximum density, and 
what natural phenomenon does this account for? 

5. What is the difference between the real and apparent coefficients of 
expansion of a fluid ? 

6. Shew how to determine experimentally the coefficient of apparent 
cubic expansion of a liquid contained in a glass envelope. 

7. Describe Dulong and Petit's mode of determining the absolute coeffi- 
cient of expansion of mercury. 

8. Explain how to employ a weight thermometer to determine the cubic 
expansion of a metal rod. Can the method be adopted with all metals ? 

9. Describe three forms of compensating pendulums. 

10. Describe the plan adopted on railways in order to prevent variations 
of temperature changing the positions of points which are moved by levers 
at a considerable distance and connected to them by iron rods. 

11. If a line of railway be laid with rails which are 8 yards long at 0° C, 
find the least distance between consecutive rails which will allow of the 
expansion due to an increase of temperature of 30° C, the coefficient of 
expansion of iron being •000012. Am. '10368 in. 

12. The cubic dilatation of mercury for 1°F. is about '0001, and the 
linear expansion of brass for 1°F. about '00001. A barometer with a brass 
scale correctly graduated at 62° F. reads 30 inches at 47° F. Find the true 
pressure reduced to inches of mercury at 82° F. Ans. 29*950. 

13. The coefficient of expansion of iron-wire is '00001235, and the length 
of wire between a distant signal and the signal-box is 900 yards. If the wire 
has to be pulled through 6 inches to lower the signal, find what increase of 
temperature of the wire will allow the signal to return to danger after it has 
been lowered. Ans. 14-995°, nearly. 
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14. The capacity of the bulb of a thermometer is 500 times that of each 
inch of the tube ; the mercury just fills the bulb at 0° C. How far up the 
tube will it stand at 10° C, assuming the coefficient of cubic expansion of 
mercury in glass to be 000165 ? Ans. '775 in. 

15. The specific gravity of silver at 0° 0. is 10*5. Assuming its coeffi- 
cient of linear expansion to be *00002, shew that its specific gravity at 
1000° C. is 9-90 (water at 0° C. being taken as the standard). 

16. The time of vibration of a pendulum varies as the square root of its 
length. A clock keeps correct time at 0°C, but loses 37*35 seconds per 
Week at 10° C. Find the coefficient of linear expansion of its pendulum. 

Ans. -00001235... 

CHAPTER V. 

1. State Boyle's law, and describe some experiment by which its truth 
may be shewn. 

2. Define the coefficient of cubio expansion. What is its value in the 
case of the more permanent gases ? 

8. State the law connecting the pressure and temperature of a quantity 
of gas at constant volume. 

4. Describe Balfour Stewart's apparatus for determining this relation, 

5. What formula expresses the relation between the pressure and tem- 
perature of air at constant volume, and what the relation between the volume 
and temperature at constant pressure? Are the constant coefficients identi- 
cal in the two formula) ? 

6. State the relations between volume, pressure, and temperature in a 
perfect gas. In what manner does a real gas, such as carbonic anhydride, 
differ from the hypothetical perfect gas ? 

7. Describe some form of air thermometer, mentioning its advantages 
and disadvantages. 

8. Do the indications of a mercurial thermometer, properly pointed at 
the freezing and boiling points and uniformly divided, agree with those of 
an air thermometer for all temperatures for which it may be used ? Why is 
the scale of the air thermometer considered of great importance ? 

9. 250 cub. cent, of hydrogen are measured at 77° F. and 750 mm. 
pressure ; what would the gas measure at 0° 0. and 760 mm. pressure ? 

Ans. 226-008.. .c.c. 

10. If a gas occupy 1000 cub. cent, at 10° C.,. what will be its volume at 
100° C. under the same pressure ? Ans. 1318-02... c.c 
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11. A quantity of air, which occupies l^VV cub. ft. at 10° C. and tinder 
ft pressure of 30 inches of mercury! is raised to 15° 0. and the pressure 
reduced to 29 inches. Find its volume. Ans. 1*0918... o. ft. 

12. Find the volume at 46° C. and under a pressure of 1500 mm. of 
mercury, of a quantity of air which, at 27° 0. and under a pressure of 
760 mm., occupies 10 cub. ft. Ans. 5*8773... o. ft. 

13. A quantity of gas occupies 26 cub. ins. at 60° F. and under a pres- 
sure of 29 inohes of mercury: how much space will it occupy when the 
temperature has risen to 65° F. and the pressure to 50 inches ? 

Ans. 15*225... c. ins. 

14. If the compressed air in a flooded coalpit, occupied 2500 cub. ft. at 
50° F. and under a pressure of 70 ins. of mercury, how much space would it fill 
at 60° F. and under a pressure of 29*5 ins. of mercury? Ans. 6048*65... c. ft. 

15. "What will be the volume of 100 grammes of hydrogen at 273° C. 
tinder a pressure of 1420 mm., assuming that a litre of hydrogen at 0° C. 
under a pressure of 760 mm. weighs '0896 grammes? Ans. 1194*66... litres. 

16. If the air in a fire-balloon be raised to 100° G, the. temperature of 
the surrounding air being 0° C, shew that the balloon will not ascend if its 
weight exceed 7} lbs., assuming the weight of a cubic foot of air at 0°C. and 
under atmospheric pressure to be 1*2 ozs. 

17. The volume of a bubble of gas generated at a depth of 200 fathoms 
is -g^p of a cubic inch. What will its volume be when it reaches the sur- 
face, the temperature remaining constant and the height of the water 
barometer being 33 feet? Ans. '0124545... c. ins. 

18. A given quantity of gas kept at constant pressure, in being raised 
from 0°0. to 100° 0., expands in volume in the ratio of 1 to 1*366. Find 
the absolute zero of the air thermometer on the Centigrade scale. 

Ans. -273'2°...0. 

19. Assuming that 80 cubic inches of air at 0° C. would occupy 41 cubic 
inches at 100° C. under the same pressure, find the position on the Centigrade 
scale of the absolute zero of the air thermometer. Ans. -272^ T C. 

CHAPTEB VI. 

1. Explain the terms "unit of heat," and "latent heat of fusion." 

2. What becomes of the heat absorbed by a body in changing its state 
from the solid to the liquid, or from the liquid to that of vapour ? 

8. How is the latent heat of water determined ? 

4. Find the least quantity of water at 00 C. which, surrounding a pound 
of solid mercury at its freezing point, —39° C, will just melt the mercury 
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without altering the temperatures of either substance, assuming the latent 
heat of fusion of water and mercury to be 79*5 and 2*8 respectively. 

Arts. 346*64... grains. 

5. Find also the ultimate common temperature of the ice and mercury, 
their specific heats being J and *\r. Ans, - 26-44°. ..C. 

6. What is the effect of pressure upon the melting points of ice, paraffin* 
cast-iron, lead, gold, and type metal ? 

7. How do you explain the fact that two pieces of ice floating in contact 
on the surface of water will freeze together? 

8. When is a liquid said to boil? 

9. State the laws of evaporation, and explain the meaning of the asser- 
tion that one gas or vapour acts as a vacuum to another. 

10. Explain the nature of ebullition. What circumstances influence 
the temperature at which it takes place ? 

11. How may the height of a mountain be measured by means of boil- 
ing water and a thermometer ? 

12. Define the quantity called the latent heat of steam at 100° C, and 
describe a method by which it may be determined. 

18. Water which is boiling freely in an open vessel is suddenly shut in 
by an air-tight lid ; what follows ? 

14. In a closed vessel is contained water which has cooled so that ebul- 
lition has ceased. How may the water be made to boil again without apply* 
ing heat to the vessel ? 

15. Begnault found the " total heat " of the vapour of water at t° C. to 
be 605*5 + 0-305*. Explain the meaning of this statement. 

Water boils on the top of Mont Blanc at 85° 0. Find the latent heat of 
steam there. Ans. 646*425. 

16. Describe a simple experiment shewing that the pressure of aqueous 
vapour at a constant temperature cannot exceed a certain amount. 

17. How would you expect a liquid to behave when heated to the boiling 
point, if the latent heat of evaporation were zero ? 

18. What is the dew-point, and how is it determined? 

19. State Dalton's laws for the formation of vapour, and shew how to 
verify them experimentally. 

20. Describe Dalton's method of determining the tension of aqueous 
vapour between 0° C. and 100° 0. 

21. Explain the cooling action of a draught of air. 
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22. What is meant by the hygrometric state of the air? Explain how 
it is determined by means of Daniell's dew-point hygrometer. 

23. What are the laws followed by saturated and non-saturated vapours 
respectively? 

24. Describe the wet bulb thermometer. What processes are going on 
in the air round the wet bulb? What practical use is made of this ther- 
mometer ? 

25. Explain the action of Wollaston's cryophorus. 

26. By what method has the increase of pressure of a given volume of 
air when raised from 0°C. to 100° C. been determined? How would the 
presence of water in the vessel affect the result of the experiment ? 

27. Explain how advantage may be taken of the spheroidal state of a 
volatile liquid in order to freeze water or mercury in a red-hot vessel. 

28. How do you account for the apparently serrated form sometimes 
assumed by liquids when in the spheroidal condition ? 

29. Explain a process by which intense cold can be produced by means 
of carbonic anhydride. 

30. Describe Dr Andrews 9 experiments on the connection between the 
gaseous and liquid states in the case of carbonic anhydride. 

31. Trace the changes in volume of a pound of ice as it is gradually 
heated under normal atmospheric pressure from - 20° G. to 120° G. 

What are the quantities of heat required during each successive, rise of 
10° C. during the process ? 

32. Seven pounds of iron at 100° G. are placed upon a* mass of ice at 
0°C. The specific heat of iron being *113, and the latent heat of water 79*5, 
how much water will be produced ? Am. *995 lbs. nearly. 

33. The latent heat of fusion of ice being 79-5, if 1 lb. of ice at 0°C. be 
dropped into 2 lbs. of water at 15-5° C., how much of it will remain un- 
melted? Am. T VffH>s. 

34. If 10 lbs. of ice, originally at -10°C., are boiled away at ordinary, 
pressure, find the amount of heat required, having given that the specific 
heat of ice is '5, the latent heat of fusion 79*25, and the latent heat of 
vaporisation of water at 100° G. is 537. Am. 7167*5. 

35. Given that the latent heat of evaporation of water at 100° C. is 537,' 
find how many pounds of steam at 100° G. must be blown into 50 lbs. of 
water at 20° C. to make the water boil. Am. 7-448... 

a. ^3> 
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86. If 1} lbs. of ice at 0°C. be dropped into 1 lb. of water at 100° C, 
what will be the resulting temperature of the mixture, and of what will it 
consist? Am. 0°C. 2 '2578... lbs. water and '3421... lbs. ice. 

87. The specific heat of ice is *504. The air and everything else in a 
certain room is at 0°C, and a pound of ice at - 10° 0. is placed in a vessel 
in the room, and water at 12° C. is slowly poured upon it. It is found that 
7*045 lbs. of water are required to just melt the ice. Find the latent heat of 
fusion of water. Am. 795. 

38. How much steam at 100° 0. must be passed into 100 lbs. of water 
at 0°C. to raise the whole to 50° C, supposing the whole of the steam con- 
densed in the water ? Am. 8*517... lbs. 

89. What amount of steam at 100° 0. must be passed into 100 lbs. of 
water at 0° C, in which 10 lbs. of ice are floating, in order to raise the tem- 
perature of the whole to 50° 0. ? Am. 10*724... lbs. 

40. How many pounds of iron at 200° C. must be placed in a vessel 
containing 10 lbs. of ice at - 10° C. in order to convert all the ice into steam 
at 100° C, the capacity for heat of the vessel being equal to that of 2 lbs. of 
water, and no heat being supposed to escape? .Am. 627*79 nearly. 

41. The barometer stands at 80 inches, the thermometer at 20° C, and 
the dew-point is 15° C. The maximum pressure of aqueous vapour at 15° C. 
is '508 inches. What portion of the pressure indicated by the barometer is 
due to aqueous vapour? Am. '01722... of the whole pressure. 

42. What is the weight of 100 cubic centimeters of damp oxygen collected 
over water at 20° C. under a pressure of 760 mm., it being given that a litre of 
hydrogen at 0° C. and under a pressure of 760 mm. weighs '0896 grammes, 
the densities of oxygen and aqueous vapour compared with hydrogen as 
unity are respectively 16 and 9, and the maximum pressure of aqueous 
vapour at 20° G. is 17*7 mm.? Am. -1321... grammes. 

43. Calculate the weight of a litre of hydrogen collected over water at 
20° C, the barometric pressure being 765 mm., assuming that a litre of 
hydrogen at 0° C. and under a pressure of 760 mm. weighs *0896 grammes, 
the density of aqueous vapour is 9 times that of hydrogen at the same tem- 
perature and pressure, and the maximum pressure of aqueous vapour at 
20° 0. is 17'4 mm. Am. -099325 grammes. 

44. A closed tube, 20 inches long, containing dry air at a pressure of 
80 inches of mercury, is separated into two equal parts by a narrow piston. 
As much water as will evaporate is then introduced into one portion of the 
tube, the temperature of the whole being maintained at 64° F. How far 
will the piston move, the maximum temperature of aqueous vapour at 64° F. 
Joeing assumed to be *6 in.? Am. '099... in. 
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CHAPTEB VII. 

1. For what purposes is iron comparatively useless in fire-proof struc- 
tures, and why? 

2. What is meant by tempering, as applied to steel ? 
How would you temper a graver for cutting iron ? 

3. What is the effect of heating and suddenly cooling a piece of copper? 

What influence has hammering upon the mechanical properties of copper 
and brass ? 

4. What is the effect of heating a magnet (1) through three or four 
degrees, (2) to a red heat, and then allowing it to cool ? 

5. What influence has increase of temperature on the electrical resist- 
ance of (1) metallic conductors, and (2) electrolytes? 

6. What is the Peltier effect ? 

Why is it generally not advisable to employ a very strong current in 
order to shew the Peltier effect ? 

7. According to what law does the electro-motive force of a thermo- 
electric couple depend upon the temperatures of the junctions ? 

8. What is meant by thermo-electric inversion? 
Describe an experiment illustrating this inversion. 

9. Describe some form of thermo-electric pile. 



CHAPTEB VHI. 

1. Give a short description of the three methods by which heat is con- 
veyed from one place to another. Distinguish carefully between convection 
and radiation. 

2. How would you compare the thermal conductivities of two good con- 
ductors of heat ? 

8. Two equal bars of different metals are coated with wax, and one end 
of each exposed to the same source of heat. Why cannot we compare their 
thermal conductivities by observing the time required to melt the wax to a 
given distance along each ? 

4. Define the thermal conductivity of a substance, and shew how it 
depends on the various fundamental units. Hence, find the requisite factor 
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for changing the measure of the thermal conductivity of a substance from 
pound, foot, minute, Fahr., into gramme, centimetre, second, C, supposing 
1000 grammes to be equal to 2£ lbs., and 30 centimetres to one foot. 

5. Give an account of Principal Forbes' investigation of the thermal 
conductivity of wrought iron at different temperatures. 

6. How may it be shewn that the conductivity for heat varies in differ- 
ent directions in the same crystal ? 

7. How may it be proved experimentally that water is a bad conductor 
of heat? 

Explain how the temperature of water is raised when heat is applied 
beneath it. 

8. Explain how buildings may be warmed by convection of heat in 
water. 

9. Shew what part is played by convection-currents in causing the 
North- West of Europe to be warmer than the places in the same latitude 
on the East coast of America. 

10. At what temperature does water under ordinary circumstances 
attain its maximum density ? 

How may this temperature be experimentally determined ? 

11. The specific thermal conductivity of wrought iron, a second and an 
inch being the units of time and space, is *001. Calculate the number of 
units of heat lost per hour from each square foot of the surface of a steam- 
boiler constructed of f in. boiler-plate, the temperature of the inner surface 
being kept at 120° G. and that of the outer at 100° C. Ans. 27648. 

12. A certain boiler exposes 60 square feet of surface to the action of 
the fire. If the average thickness of the plates be -J in., and the outside be 
maintained at 140° C. while the temperature of the inside is 130° C, find 
how many pounds of water can be evaporated per minute, the latent heat of 
steam at 130° 0. being 516, and it being given that 6 units of heat pass per 
minute through an iron plate, a foot square and an inch thick, when the 
temperature of one side is 135 0< 5 C, and that of the other 134 0, 5 C. 

Ans. 11/^ lbs. 

13. If 8 units of heat flow per second through an iron cube of one foot 
edge when one face is maintained at a temperature always 1° 0. above that 
of the opposite face, and no heat enters or leaves the remaining faces, how 
much heat will flow in one hour through a boiler-plate 4 feet long, 2 feet 
wide, and half an inch thick, when one face is in contact with boiling water 
and the other with melting ice ? Ans. 19200 8. 
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CHAPTER IX. 

1. Describe experiments which shew that radiant heat obeys the same 
laws of reflection and refraction as light. 

2. State your reasons for believing that the radiant energy which pro- 
duces heat in bodies is of the same nature as light. 

3. State Newton's law of cooling. Did the experiments of Dulong and 
Petit justify this law ? 

4. Describe an experiment which shews that good radiators are good 
absorbers. 

5. By what experiments has the identity of the radiating and absorbing 
powers of bodies been established? 

6. A blackened cubic vessel of boiling water is so placed that one sur- 
face radiates towards a plate of glass and another towards a plate of rock- 
salt. Describe the effects produced. 

How would they be modified if the vessel were replaced by a body at a 
white heat ? 

7. How do you explain the apparent radiation of cold? 

8. Explain fully what happens when a piece of ice is placed in one focus 
of a concave reflector and the bulb of a thermometer in the conjugate focus, 
the temperature of the room and of the thermometer being at first the same 
and higher than that of the ice. 

9. Briefly describe the constituents of the radiation from- the carbon 
points of an electric lamp when at a white heat. 

10. What portions of the radiation can pass through rock-salt, crown- 
glass, and quartz, respectively? 

11. Why does the air inside a greenhouse get so much heated by the 
sun? 

12. In the Arctic regions the sun has been known to melt the pitch on 
a ship's side while the air has been much below the freezing-point. Explain 
this phenomenon. 

13. How is it that ice can be formed at night in the Sahara? 

14. Give a brief sketch of Provost's theory of exchanges. 
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CHAPTER X. 

1. Explain the production of land and sea breezes. 

2. How do you account for the Trade-winds ? 

3. Why is Moscow much colder in winter than Edinburgh ? 

4. Mention some means by which clouds may be produced. 

How do you account for the heavy rain-fall in mountainous districts ? 

6. Does the presence of a cloud apparently clinging to the top of a 
mountain prove that there is no wind there? 

How do you account for such clouds ? 

6. What is hoar-frost, and how is it produced? 
Explain the difference between white and black frosts. 

7. What is dew? 

How is the deposition of dew affected by the state of the sky and the 
nature of the exposed surface? 



CHAPTER XI. 

1. What is meant by the energy of a system, and by the principle of 
the conservation of energy ? 

2. Distinguish between potential and kinetic energy. 

8. State some of the arguments in favour of the dynamical nature of 
heat. 

4. Describe the experiment which led Rumford to conclude that heat is 
motion. 

5. Define the mechanical equivalent of heat. 

6. Find how many units of heat are required to raise a mass of 80 tons 
to a height of 60 feet. 

7. What assumption was made by Mayer in his determination of the 
Mechanical Equivalent of Heat ? 

8. Why does the specific heat of a gas at constant pressure differ from 
its specific heat at constant volume? 
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9. How do Dr Joule's experiments enable as to determine the specific 
beat of air at constant volume, its specific heat at constant pressure being 
known? 

10. How has the relation between the specific heat of air at constant 
pressure and at constant volume been determined ? 

11. If a quantity of air be compressed without allowing heat to leave it 
its temperature is raised, while if it be allowed to expand without receiving 
heat its temperature falls. Explain this in accordance with the dynamical 
theory of gases. 

12. Given the specific heat of a gas at constant volume and its specific 
heat at constant pressure, shew how to deduce the mechanical equivalent of 
heat. 

13. Give a brief sketch of the molecular theory of gases, and in accord- 
ance with this theory explain why a gas becomes cooled when it expands 
under pressure. 

14. What do you understand by a heat engine? 

15. Explain the term efficiency as applied to heat engines, and state on 
what the efficiency of a reversible engine depends. 

16. Give a very brief account of the principle of the dissipation of energy. 

17. How much mechanical energy is necessary to melt a pound of ice 
at0°C.? 

18. The specific heat of lead is *031, and its latent heat of fusion is 5*37 ; 
what is the mechanical equivalent of the heat required to raise lib. of lead 
from 300° C. to its melting point, 326° C., and to melt it ? 

Am. 8584-64 ft. lbs. 

19. A lead bullet strikes an iron target with the velocity which it would 
acquire in falling freely from rest through 12500 feet. If the whole of the 
velocity of the bullet be destroyed by the blow, and if 95 per cent, of the heat 
generated reside in the bullet, find the temperature to which it will be raised, 
its specific heat being -03 and its initial temperature 30° C. Am. 314*7°... C. 

20. The melting point of lead is 326° C, its specific heat is *03, and its 
latent heat of fusion 5*37. What is the least height from which a piece of 
lead originally at 20° C. must be allowed to fall upon an inelastic plane in 
order to melt it, supposing 80 per cent, of the heat generated by the blow to 
be produced within the lead ? Am. 25280*625 feet. 

21. Given that 100 cubic inches of a certain gas at 0° C. and under a 
pressure of 15 lbs. weight per square inch weigh 30 grains, and that the 
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specific heat at constant volume is *183, while the specific heat at constant 
pressure is 1*42 times this amount, find the mechanical equivalent of heat, 
assuming that the gas expands by ^f, of its volume at 0° C. for each incre- 
ment of 1° C. in temperature, the pressure being kept constant. 

Am. 1390-02... ft. lbs. 

22. A certain steam-engine utilises 8 per cent, of the heat generated by 
the combustion of its fuel. The heat generated by the combustion of lib. of 
coal will convert 161bs. of water at 100° C. into steam at the same tempera- 
ture, the latent heat of steam being 537. A horse can work for six hours a 
day at the rate of \ of one horse-power. If coals cost 18s. per ton, and the 
maintenance of a horse 1*. per day, compare the expense of horse-power 
with that of steam, neglecting the wear of the engine and horse. 

Ana. 1209... :1. 

23. If the temperature of steam from the boiler of an engine of 10 horse- 
power be 200° C, and if the temperature of the condenser be 80° C, how many 
units of heat must leave the boiler per hour if the efficiency be one-fifth of 
that of a reversible engine working between the same limits of temperature? 

Am. 280018 nearly. 
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Absolute expansion of mercury, 53; 
temperature, 68, 183 ; units, 168, 
169 ; zero, 68. 
Absorbing and radiating powers, 
equality of, 148. 

Absorption of heat, relation of, to 
radiation, 141, 152 ; selective, 141 
— 143, 145 ; table of, for gases, 
143; by iodine solution, 144; by 
diathermanous bodies, 153. 

Adiathermanous bodies, 123. 

Air, coefficient of expansion of air, 
<fec, 67; comparison between spe- 
cific heat at constant pressure and 
constant volume, 75 ; cooling, by ex- 
pansion, 179; determination of in- 
crease of volume of expansion of, 
into vacuum, 66; diathermancy of, 
147; liquefaction of, 179; rela- 
tions between pressure, volume 
and temperature of, 66—72; spe- 
cific heat of, at constant pressure, 
18; at constant volume, 181. 

Air thermometer, 15, 67, 68, 71, 77 ; 
advantage of, 15, 74. 

Alcohol and water, specific heat of, 
101; thermometer, 14, 16; latent 
heat of, 102. 

Amounts of heat, 21. 

Andrews, apparatus for the lique- 
faction of gases. 105 ; on the criti- 
cal point, 108, 109 ; table of critical 
temperatures and pressures, 109. 

Animals, heat of, 37. 

Annealing, 116, 117. 

Ansell's fire-damp indicator, 80. 

Aqueous vapour, 85, 99; table of 
pressure of, 98, 



Areometric, method of determining 

expansion, 54. 
August's psychrometer, 97. 
Availability of Energy, 184. 

Bacon, Lord, on the nature of heat, 

172. 
Barometric column, standard height 

of, 7. 
Black, Dr, theory of latent heat, 100. 
Black-frost, 164. 
Boiling under diminished pressure, 

92, 110. 
Boiling point, 89, 90, 91; definition 

of, 90; effect of pressure on the, 

7, 92, 95; of dissolved salts, &c, 

on the, 9, 90. 
Boiling water, Dufour's experiment, 

91. 
Boyle's law, 65; deviation from, 74. 
Breezes, land and sea, 159. 
Breguet's metallic thermometer, 63. 
Britannia bridge, 59. 
Bromine, latent heat of, 102. 
Bunsen's calorimeter, 30, 31; burner, 

155. 

C. G. S. units, 169. 

Cagniard de la Tour, on the critical 

point, 107. 
Cailletet, liquefaction of gases, 104, 

106. 
Calibration of thermometer tubes, 

11. 
Caloric, 22. 

Calorimeter, 24, 29, 32, 103. 
Calorimetry, 24. 
Capacity tot Yaw&^V Y*&* 
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Capillary action, 45 

Celsius, thermometric scale of, 10. 

Centigrade thermometer, 10. 

Charles' law, 68. 

Chemical affinity, effect on pressure 
of vapour, 88. 

Chemical combination, 36 — 38. 

Cloud, 161. 

Coal, heat of combustion of, 38. 

Coefficient of expansion, 46—50, 53, 
54, 67, 73, 74. 

Cold, produced by fusion, 81 ; evapo- 
ration, 100; expansion of gases, 76; 
apparent radiation of, 150. 

Colours in spectra from hot bodies, 
137. 

Combustion, heat of, 36, 37; table 
of, 38; calorimeters for measure- 
ment of, 37 ; temperature of, 37. 

Compensation balance wheels, 62; 
pendulums, 60 — 62; for expansion 
of railway connecting rods, 64. 

Compensating measuring bars, 59, 60. 

Compression, heat generated by, 39, 
75. 

Condensation, 85, 94, 104. 

Conduction of heat, 122 — 132; in 
crystals, <fcc, 130; by water, 133. 

Conductivities, thermal, compared, 
124, 125, 131, 132. 

Conductivity, definition of, 128. 

Conservation of energy, principle of 
the, 171; Newton's statement of 
the, 169. 

Contraction, accompanying solidifi- 
cation, 82 ; of iron on cooling, force 
of, 58; of indiarubber, 40; practi- 
cal application of, 57. 

Convection of heat, 122, 132—135; 
currents, 132 — 135. 

Cooling, laws of, 150. 

Critical point, 107—109; passage of 
carbonic anhydride through, 109, 
110. 

Crooke's radiometer, 156. 

Cryophorus, 89. 

Crystallization, heat developed by, 
42, 85 ; of supersaturated solutions, 
42. 

Crystals, expansion of, 130; conduc- 
tion of heat in, 130. 

Cube, Leslie's, 147. 

Cubic expansion, 49, 50; measure- 
ment of, 50, 54; of liquids, 51; 
ofgaaea y 66. 



Currents, thermo-electric, 119 — 121; 
electric (as source of heat), 35, 41. 
Cycle, reversible, 183. 

Dalton on pressure of aqueous vapour, 
88; on rate of evaporation, 94. 

Dalton's laws of evaporation, 86, 93, 
100; experimental proof of, 87. 

Daniell's dew-point hygrometer, 96. 

Dark radiation, absorption of, 141— 
144 ; polarization of, 145 ; reflection 
of, 139—141 ; refraction of, 144. 

Davy, on heat produced by friction of 
ice, 175. 

Davy's safety lamp, 132. 

Density, maximum, of water, 55, 135. 

Despretz's apparatus for conduction 
of heat, 131. 

Dew, 96, 164. 

Dew-point, definition of, 95; instru- 
ments, Daniell's, 96; Dine's, 96. 

Diathermancy of air, 147. 

Diathermanous bodies, 123. 

Differential thermometer, 74. 

Diffusion of gases, 79, 80; Graham's 
law of, 80. 

Digester, Papin's, 95. 

Dilatation, see Expansion. 

Dine's dew-point instrument, 96. 

Dissipation of energy, 184. 

Distillation, 89. 

Drops, Prince Bupert's, 116. 

Drummond's measuring bars, 59. 

Dry and wet bulb hygrometer, 97. 

Dufour's experiment on boiling water, 
91. 

Dulong and Petit's experiments on 
cooling, 150. 

Dupre and Page, on specific heat of 
alcohol and water, 101. 

Dyne, 169. 

Earth, internal heat of, 35, 43. 

Ebullition, 90. 

Ebullition under diminished pres- 
sure, 92. 

Elastic body, definition of, 44. 

Elasticity, effects of heat on, 115. 

Electric currents, 35, 41; thermo-, 
119. 

Electric pyrometer, 79, 118; resist- 
ance, effect of increase of tempe- 
rature upon, 117. 

Electrolytes, 117. 

TSAJiw&Va ^ivdulum, 61. 
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Energy, availability of , 184; connec- 
tion between it and heat, 171 et 
sqq. ; conservation of, 169 et sqq. ; 
definition of, 167; dissipation of, 
184; of mechanical system, <fcc, 
85, 89 — 41 ; kinetic, 167 ; potential, 
167; radiant, 186—158; transfor- 
mation of, 128, 168 ; units of, 165, 
169. 

Engine, Hero's, 111. 

Engines, efficiency of, 183 ; heat, 
179, 182 ; reversible, 183. 

Erg, 169. 

Ether, latent heat of, 102. 

Evaporation, cold produced by, 104, 
105, 111 ; compared with ebullition, 
90, 93 ; dependent on temperature, 
93; latent heat of, 100; of liquids, 
(fee. , 85, 86 ; laws of, 86 ; rate of, 94. 

Exchanges, Prevost's theory of, 150 
et sqq. 

Expansion, apparent, 11, 51,98; co- 
efficient of, definition, 46, 49 ; cor- 
rections for, 59, 64; comparison 
between eateily liquefied and other 
gases, 74; cubic, 49, 54; general 
effect of heat, 4; linear, 46 — 49; 
allowed for, 59; of gases, 65—69, 
73, 76; of gases, table, 73; of 
water, 54 ; of gases, cold produced 
by> 76; of certain substances on 
cooling, 46, 81 ; coefficient of abso- 
lute, 53, 54; of metals, difference in, 
63; method of measuring, 51; of 
mercury, coefficient of absolute, 
53, 54 ; practical applications of, 
56, 57, 77; relation between co- 
efficients of linear and cubic, 73; 
of solids, 46; water on cooling and 
freezing, 56, 57. 

Fahrenheit's thermometrio scale, 10. 

Faraday, freezing water, &c, in white 
hot crucible, 111 ; on cold produced 
by evaporation, 105 ; critical point, 
108 ; liquefaction of gases, 104. 

Flame, constitution of, 154. 

Flow of heat along a bar, 125 ; across 
a plate, 127. 

Fluids, definition of, 44. 

Fluorescent substances, 142. 

Fog, 162. 

Foot-pound, 165, poundal, 169. 

Forbes' experiments on conductivity 
of wrought iron, 130, 181. 



Freezing mixtures, 105 ; water in 

white hot crucible, 111. 
Freezing point ; effect of increase of 

pressure on, 82 — 84. . 
Friction, heat developed by, 39, 177. 
Frost, 86, 113. 

Fuel, heat of combination of, 38. 
Fusion, of ice, specific heat measured 

by, 29, 30; latent heat of, 28, 101. 

Galvanometer, 63, 110, 120, 137.. 

Gas flame, nature of, 154. 

Gas, perfect, 73. 

Gaseous laws, the, 68; examples of, 
72 ; deviation from of easily lique- 
fied gases, 73; application to va- 
pours above dew-point, 97. 

Gases, condensation of, 104 ; convec- 
tion of heat in, 132 ; connection be- 
tween temperature and pressure of, 
70 ; cold produced by expansion, 76 ; 
defined, 45, 65; diffusion of, 79, 
80; effects of heat upon, 68; ex- 
pansion of, 65 — 69, 73, 76; heat 
generated by compression of, 75; 
liquefaction of, 104; molecular 
theory of, 45, 72, 80, 99; pressure 
of explained by Dynamical theory, 
73 ; specific heat of, 31, 76 ; table 
of coefficients of expansion, 73. 

Gay Lus sac's law, 68 ; on pressure of 
aqueous vapour, 88. 

Glaciers, motion of explained by rege- 
lation, 84. 

Glass, contraction of, 116 ; absorption 
by, 142 ; transparency of, 141 ; un- 
annealed, 116. 

Graduation of thermometer, 8 — 10. 

Graham's Mercurial pendulum, 61; 
law of diffusion, 80. 

Gravitation units, 168. 

Gravity, variation of, 7. 

Gridiron pendulum, 61. 

Hail, 163. 

Halo, 163. 

Harrison's gridiron pendulum, 61. 

Heat, a quantity, 19—22; amounts 
of, 21; conduction of, 122 — 132; 
convection of, 122, 132 — 135; en- 
gines, 179 et sqq. ; mechanical 
equivalent of, 176 et sqq. ; nature 
of, 172; of mixtures, 21 ; sensation 
of, 1 — 3 ; sources of, 35 — 43; trans- 
mission of, 3, 122, 123 \ Wtt&<&,/1&. 
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Heights, measurement of by water 
boiling, 91. 

Hero's engine, 111. 

Hoar-frost, 164. 

Homogeneous solids, Thermal con- 
ductivity of, 130. 

Hope's experiment on maximum 
density of water, 55 , 56. 

Humidity, degree of, 97. 

Hygrometers, Daniell's, 96, 97 ; Dine' s, 
96; wet and dry bulb, 97. 

Hygrometry, 97—100. 

Hypsometer, 8, 91. 



Ice, calorimeter, 29 — 32; changes in 
when heated, 114; evaporation of, 
113 ; expansion of, 56, 82 ; fusion 
of, 28; latent heat of fusion of, 
101; regelation of, 84; specific 
heat of, 33. 

Indiarubber, contraction of, 40, 115. 

Inversion, thermo-electric, 120. 

Iodine, sublimation of, 113. 

Jolly, Professor, air thermometer, 71 ; 
mirror scale, 66. 

Joule, heating effect of electric cur- 
rent through wire, 41, 178; on the 
expansion of air, 76, 179 — 181; 
mechanical equivalent of heat, 
177, 178, 180 ; temperature of 
water at maximum density, 135. 

Kinetic energy, 167; conversion of 
into Potential energy, 168. 

Lamp, safety, 132. 

Lampblack, radiation from, 147. 

Latent heat, 81, 82, 100 ; objection 
to term, 82; of fusion, 28, 81; of 
evaporation, 100 ; of fusion of ice, 
81; of steam at different tem- 
peratures, 101 ; method of measur- 
ing, 102; nature of, 42. 

Lavoisier's andLaplace's calorimeter, 
29; measurement of expansion, 

47. 

Leidenfrost's phenomenon, 110. 

Length, standard of, 59. 

Leslie's cube, 147 ; differential ther- 
mometer, 74. 

Light, its nature, 139 ; identical with 

radiant heat, 139. 
Linear expansion, 46—49; measure- 



ment of, 47; table of coefficients 
of, 49. 

Liquefaction of gases, 104; Andrews' 
apparatus for, 105; Cailletet's ap- 
paratus for, 106; table of, 104. 

Liquefaction, latent heat of, 28, 81. 

Liquids, convection of heat by, 132 ; 
denned, 45 ; expansion of, 51, 52 ; 
methods of measuring apparent 
expansion of, 51 — 53 ; specific heat 
of, 31, 32. 

Magnetism, effect of heat on, 117. 

Manometer, 94. 

Marriotte's law of expansion of gases, 
65 ; tube, 65. 

Mason's wet and dry bulb hygrome- 
ter, 97. 

Matthiessen's method of measuring 
expansion, 54 ; table of expansion 
of water, 56. 

Maximum pressure of vapour, 93; 
thermometer, 16. 

Mayer, on the mechanical equivalent 
of heat, 176. 

Measurement of vapour pressure, 94. 

Measurers of time, effect of tempera- 
ture on, 60. 

Mechanical equivalent of heat, 176 
et sqq. 

Mechanical properties of bodies, 
effects of heat on, 115 ; energy con- 
verted into heat, 39 — 41. 

Melloni, on radiation transmitted by 
substances, 143. 

Melting points, effects of pressure 
on, 82, 83 ; liquids cooled below 
without solidification, 84. 

Mercurial pendulum, 61 ; thermome- 
ter, see Thermometer. 

Mercury, absolute expansion of, 53, 
54 ; apparent expansion of, 51, 
52 ; freezing of in a red-hot vessel, 
111. 

Metallic thermometer, Breguet's, 63. 

Metals, expansion of, 46—49, 57— 
64; thermal conductivity of, 125 
et sqq. ; thermo-electric arrange- 
ment of, 119. 

Mirror scale, Professor Jolly's, 66. 

Mixture, freezing, 105 ; method of 
measuring specific heats by, 24 — 
28. 

Moisture in air, determination of, 
SI. 
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Molecular theory of gases, 45, 73, 

80, 99, 100. 
Mont Blanc, boiling point on, 95. 

Natterer, cold produced by, 105. 

Newton's law of cooling, 150 ; state- 
ment of the Principle of the con- 
servation of energy, 169. 

Norwegian cooking pot, 124. 

Oxygen, coefficient of expansion of, 
67 ; heat produced by combustion 
in, 36 ; liquefaction of, 104. 

Page and Duprd on specific heat of 
alcohol and water, 101. 

Papin's digester, 95. 

Peltier's effect, 118. 

Pendulum, compensating, 60 — 62 ; 
Ellicott's, 61 ; Graham's, 61; Har- 
rison's, 61 ; zinc-iron, 61. 

Petit and Dulong's experiments on 
cooling, 150 ; measurement of ab- 
solute expansion of liquids, 53. 

Phillip's maximum thermometer, 17. 

Pictet's liquefaction of gases, 104, 
106, 107. 

Platinum, specific heat of, 32; wire 
used as an electric pyrometer, 
118 ; wire heated by an electric 
current, 118. 

Polarization of radiation from tour- 
maline, 154. 

Potential energy, 167. 

Pounds!, 169. 

Pressure critical, 109; ebullition 
under diminished, 92, 110 ; effect 
of on boiling point, 90, 91, 95 ; 
effect of on melting point, 82, 83 ; 
maximum of vapours, 86, 93 ; of 
aqueous vapour, 88, 113 ; of gases, 
46, 73 ; of gases, relation between 
volume and, 65 ; of gases, relation 
between temperature, volume and, 
65, 71 ; of vapour, dependent on 
temperature, 89 et sqq. ; of vapour, 
with air present, 93 ; of mixed 
vapours, 88 ; reduction of, effect 
on boiling point, 92 ; specific heats 
of gases at constant, 76 ; standard 
atmospheric, 7. 

Provost' s theory of exchanges, 150 et 
sqq. 

Prince Bupert's drops, 116. 

Psychrometer, 97. 



Pyrometer, Eegnault's mercury, 77 ; 
the eleotric or Siemen's, 79, 118 ; 
Wedgwood's, 79. 

Quality, distinction between quan- 
tity and, 20. 
Quantity, heat a physical, 19, 20. 

Radiation, 122, 136, 137; analysis 
of, 137 ; definition of, 122 ; trans- 
mission of, 143 ; from Tourmaline, 
polarised, 154 ; laws of intensity 
and propagation, 146, 147 ; relation 
between, and absorption, 141, 152 ; 
repulsion produced by, 155; table 
of relative powers of different sub- 
stances for transmitting, 143. 

Radiant energy, 136 — 140; absorp- 
tion of, 141 ; double refraction of, 
145 ; effects of, 86 ; nature of, 35, 
86, 137—189 ; passage of, through 
ice, 145 ;• polarization of, 145, 
154 ; propagation of, 146 ; reflec- 
tion of, 189, 140; refraction of, 
144 ; repulsion produced by, 155. 

Radiant heat, see Radiant energy. 

Radiators, good and bad, 148. 

Radiometer, Crooke's, 155 ; Schus- 
ter's experiments on, 158 ; theory 
of, 157. 

Railway, expansion of iron rods on, 
64. 

Reaumur's thermometrio soale, 10. 

Reduction of different thermometrio 
scales, 12. 

Reflection, apparent of cold, 150 ; of 
heat, 140 ; of heat, laws of, 141. 

Reflectors and radiators, 148. 

Refraction of heat, laws of, 144; 
double, 145. 

Regelation, 83, 84. 

Regnault's calorimeter for liquids, 
32 ; comparison of mercurial and 
air thermometers, 77 ; determina- 
tion of maximum pressure of aque- 
ous vapour, 77, 98 ; latent heat of 
steam, 101 ; measurement of spe- 
cific heat of air at constant pres- 
sure, 81, 76; mercury pyrometer, 
77 ; on aqueous vapour above the 
dew-point, 97 ; on evaporation, 86 ; 
on pressure of aqueous vapour, 88, 
113 ; rate of increase of pressure 
of gases, 73; table of coefficients 
of expansion ol ^pra^lV 
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Repulsion produced by radiation, 

155. 
Resistance, electrical, effect of heat 

upon, 118 ; heat produced by, 41, 

118. 
Reversible engines, 183. 
Reynolds', Prof. O., theory of the 

radiometer, 157. 
Rigidity of solids, 44. 
Rock salt, diathermancy of, 141. 
Rumford, Count, on the nature of 

heat, 173 et sqq. ; on generation 

of heat by friction, 173. 
Rupert's drops, 116. 
Rutherford's maximum thermome- 
ter, 16; minimum thermometer, 

16. 

Safety lamps, 132. 

Salts, effect on boiling point of dis- 
solved, 9, 90; heat developed by 
crystallization of, 42, 85. 

Saturation, 42, 95, 100. 

Schuster's, Dr, experiment with the 
radiometer, 158. 

Se'guin on the mechanical equivalent 
of heat, 176. 

Selective absorption, 141 — 143. 

Senarmont, Dr, on conduction in 
crystals, 130. 

Siemen's furnace, 37; pyrometer, 
79. 

Singing of kettle, 90. 

Six's self-registering thermometer, 
17. 

Snow, 84, 163 ; carbonic anhydride, 
104 ; direct evaporation of, 86. 

Sodium vapour, radiation from, 141. 

Solidification, 82, 104. 

Solids, conduction of heat in homo- 
geneous, 130 ; definition of, 44 ; 
expansion of, 54 ; specific heat of, 
82 ; rigidity of, 44. 

Solutions supersaturated, 42. 

Sources of heat, 35 — 43. 

Specific gravity bottle, 51, 52. 

Specific heat, 22, 23, 76; depend- 
ence on external conditions, 34; 
effect of temperature on, 33 ; 
measurement of, 24 ; of gas, at 
constant pressure, 31, 76, 77 ; of 
gas, at constant volume, 77, 181 ; 
of gas, comparison between at 
constant pressure and volume, 
75, 77 f 181; of substances in diftei- 



ent states compared, 32 ; of water, 
101 ; of water, at different tempe- 
ratures, 23 ; table of, 32. 

Spectrum of heated bodies, 137, 138. 

Spheroidal state, 44, 111 ; forms as- 
sumed by water in, 112, 113. 

Standard of length, 59. 

State, change of, 35, 42, 43, 81 ; re- 
duction to liquid, 81; spheroidal, 
111; of strain, 44. 

Steam, bubbles of, 91 ; latent heat 
of, 101, 102, 103, 111 ; maximum 
pressure of, 98 ; saturated, 95 ; 
specific heat of, 33; temperature 
of, constant, 9. 

Stewart Balfour, measurement of 
hygrometric state, 97 ; on pressure 
and temperature of air, 70. 

Sublimation, 85, 113. 

Sulphur, forms of, 43. 

Sun, radiation from, 36 ; source of 
energy, 43. 

Super-heated vapour, 97. 

Surface tension, 16, 45. 

Surfaces, absorption and radiation 
of, 148. 

Table of comparison of mercurial 
and air thermometers, 77 ; con- 
ditions of liquefaction of gases, 
104; coefficients of linear expan- 
sion, 49 ; critical pressure and tem- 
perature, 109 ; expansion of gases, 
73 ; expansion of water, 56 ; heat 
developed by different fuels, 38 ; 
maximum pressure of aqueous 
vapour, 98 ; percentage radiation 
transmitted by different substan- 
ces, 143 ; rate of increase of pres- 
sure of different gases, 73 ; specific 
heats, 32, 33 ; thermal conduc- 
tivities, 132; thermo-electric ar- 
rangement of metals, 119. 

Tait, Professor, on thermo-electric 
combinations, 120. 

Temperature, absolute, 68, 183 ; de- 
finition of, 2; effect on bodies, 
114 — 117 ; effect on electrical pro- 
perties of bodies, 117 ; effeot on 
magnetism, 117 ; effeot on me- 
chanical properties of bodies, 115 ; 
effect on radiation, 150 ; effect on 
specific heat, 33 ; effect on electri- 
cal conductivity, 117 ; effect on 
tixn& m<fta&\L?Qr8 % 60; equilibrium 
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of, 4; instruments for measuring, 
4, 120 ; measurement of, 4, 5, 120; 
necessary for combustion, 37; of 
gases, relation between pressure, 
volume and, 71; primitive notion 
of, 2. 

Tempering of steel, 115, 116. 

Tension of surfaces, 16, 45. 

Thermal conductivity, definition of, 
128 ; conductivities, comparison 
of, 124, 125, 126, 130, 131; mea- 
sure of, 128, 129; Principal Forbes' 
experiments on, 130; table of, 
131 ; equilibrium, 3. 

Thermo-electric currents, 119 ; inver- 
sion, 120; order of metals, 119; 
piles, 121. 

Thermometer, air, 68, 74; advan- 
tages of fluids for, 5; Breguet's 
metallic, 63; definition of, 4; dif- 
ferential, 74; liquids other than 
mercury used for, 14; Maximum, 
16, 17, 18; Maximum and mini- 
mum combined, 17; Mercurial, 
advantages of, 15; calibration of, 
11 ; causes of error, 9, 11 ; com- 
parison of with air thermometer, 
16, 67, 77; construction of, 6; 
determination of boiling point on, 
8, 9, 90 ; determination of freezing 
point on, 8; graduation of, 10; 
how filled, 6 ; Minimum, 14, 16 ; 
natural standard, 11 ; open range, 
12 ; scale, Sir W. Thomson's abso- 
lute, 183; sensitive, 12; position 
of when used, 9 ; weight, 18 ; wet 
and dry bulb, 97. 

Thermometric scales, 5, 10, 14, 15; 
indicated by different substances, 
15 ; rules for conversion of, 12 — 14. 

Thermopiles, 121. 

Thilorier's apparatus, 104. 

Thomson, Professor James, on the 
lowering of the freezing point by 
pressure, 82. 

Time measurers, 60. 

Torsion, heat generated by work 
against, 40. 

Tourmaline, polarizes dark radia- 
tion, 145. 

Transformation of energy, 123. 

Transmission of heat, 122, 123, 141. 

Triple point, 114. 

Tyndall, on relative absorbing powers 
of gases, 143. 



Uncrystallized solids, expansion of, 
50. 

Undulatory motion of ether consti- 
tutes radiant energy, 139. 

Unit, of force, 165, 169; heat, 22; 
length, 59, 169; mass, 169; time, 
169 ; work, 169. 

Units, absolute, 168, 169; C.G. S., 
169; gravitation, 168. 

Vacua, action of gases as, 86, 94. 

Vaporisation, cold produced by, 104, 
124 ; effect of chemical affinity ou, 
103; latent heat of, 101; in air, 
93 ; in vacuo, 86. 

Vapour aqueous, application of mole- 
cular theory to, 99 ; table of max- 
imum pressure, 98; condensation 
of, 95 ; definition of, 85 ; density of, 
92; pressure of, 86 — 93; in pre- 
sence of air, 93 ; measurement of, 
94 — 96; saturated, definition, 95; 
super-heated, 97. 

Vapours, pressure of mixed, 88. 

Vibration in a spheroid, 112, 113. 

Viscosity, 45. 

Volatile, body, definition of, 85. 

Voltaic electricity, heating effect of, 
35, 41, 118. 

Volume, critical, 109; of bodies, effect 
of heat on, 46 ; of gas, method of 
finding for different temperatures, 
69. 

Volume of gas, relation between pres- 
sure, temperature and, 71. 

Wall, flow of heat, across a, 127. 

Water, action of heat upon, 55 ; ex- 
pansion of, 56, 57 ; forms assum- 
ed by in spheroidal state, 112 ; gas, 
85; high specific heat of, 101; 
latent heat of, 101; maximum 
density of, 55, 135; specific heat 
of, at different temperatures, 23; 
super-heating of, 91 ; volume of at 
different temperatures, 56. 

Watt, James, on latent heat of 
vaporisation, 101. 

Wedgwood's pyrometer, 79. 

Weight thermometer, 18, 52, 54, 55, 
57. 

Wells, Dr, on the formation of dew, 
164. 

Wet and dry bulb hyvpomfitefc^'U 
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Wiedemann and Franz on conduo- Yard, imperial standard, 59. 

tivity, 181. 
Winds, Trade and counter Trade, 160. Zero, absolute, 68; change of in 
Wollaston'B cryophorns, 89. thermometers, 8 ; of thermometric 

Work, done by perfect engines, 183 ; scales, 10. 

heat equivalent of, 178; measure 

of, 165; transformed into heat, 

174, 177, 179. 



CAMBRIDGE : PRINTED BY C. J. CLAY, M.A. AT THE UNIVERSITY PRESS. 



December 1877. 



A CLASSIFIED LIST 

OF 

EDUCATIONAL WORKS 

PUBLISHED BY 

GEORGE BELL & SONS, 



Full Catalogues will be sent post free on application. 



BIBLIOTHECA CLASSICA. 

A Series of Greek and Latin Authors, with English Notes; edited by 

eminent Scholars, Svo. 

iEschylus. By F. A. Paley, M.A. 18*. 

Cicero's Orations. By G-. Long, M.A. 4 vols. 16.*., 14*., 16k., 16s. 

Demosthenes. By R. Whiston, M.A. 2 vols. 16s. each. 

Euripides. By F. A. Paley, M.A. 3 vols. 10*. each. 

Homer. By F. A. Paley, M.A. Vol. I. 12s.; Vol. 11.14*. 

Herodotus. By Rev. J. VV. Blakesley, B.D. 2 vols. 32*. 

Hesiod. By F. A. Paley, M.A. 10s. 6d. 

Horace. By Rev. A. J. Macleane, M.A. 18s. 

Juvenal and Persius. By Rev. A. J. Macleane, M.A. 12s. 

Plato. By W. H. Thompson, D.D. 2 vols. 7s. 6rf. each. 

Sophocles. By Rev. F. H. Blaydes, M.A. Vol. I. 18s. 

Tacitus : The Annals. ■ By the Rev. P. Frost. 15*. 

Terence. By E. St. J. Parry, M.A. 18s. 

"Virgil. By J. Conington, M.A. 3 vols. 12*., 14*., 14*. 

An Atlas of Classical Geography; Twenty.four Maps. By W. 
Hughes and George Long, M.A. New edition, with coloured outlines. 
Imperial 8vo. 12*. 6d. 

Uniform with above 

A Complete Latin Grammar. By J. W. Donaldson, D.D. 3rd 
Edition. 14*. 

A Complete Greek Grammar. B\ J. W. Donaldson, D.D. 3rd 
Edition. 16*. 



George Bell and Sons' 



GRAMMAR-SCHOOL CLASSICS. 

A Series of Greek and Latin Authors, with English Notes. Fcap. Qvo. 

Caesar de Bello Gallico. By George Long, M.A. ft*. Qd. 

— Books I.-1II. For Junior Classes. By G.Long, M.A. 2s. Qd. 

Catullus, Tibullns, and Propertiui. Selected Poems. With Life. By 
Rev. A. H. Wratlslaw. at. W. 

Cicero: De Senectute, De Amicitia, and Select Epistles. By 
George Long, M.A. 4*. fld. 

Cornelius Nepos. By Rev. J. F. Macmiohael. 2*. Qd. 

Homer: Iliad. Books I.-XII. By F. A. Paley, M.A. 6*. 6tf. 

Horace. With Life. By A. J. Macleane, M.A. 6*. Qd. 

Juvenal : Sixteen Satires. By H. Prior, M JL is. Qd. 

Martial: Select Epigrams. With life. By F. A. Paley, MA. 6s. Qd. 

Ovid : the Fasti. By F. A. Paley, M.A. bs. 

Ballast : Catilina and Jugurtjia, With Life. By G. Long, M.A. 6s. 

Tacitus: Germania and Agricola. By Rev. P. Frost. 8*. Qd. 

Virgil : BucoHch, Georgics, and JEneid, Books I. -IV. Abridged 
irom Professor Conington's edition. 5s. td. 

(The Bucolics and Georgics in one volume. 3s.) 

^neid,Bks.V..XII. Abgd. from Prof. Conington's Ed. bs.Qd. 

Xenophon: The Anabasis. With Life. By Rev.J.F. Macmichael. 6*. 

■ - The Cyropsedia. By G. M. Gorham, M.A. Qs. 

■ Memorabilia. By Percival Frost, M.A. 4s. Qd. 

A Grammar- School Atlas of Classical Geography. Containing Ten 
selected Haps. Imperial 8vo. 5*. 

Uniform with the Series. 

The New Testament, in Greek. With English Notes, &c. By 
Rev. J. F. MacmichaeL 7*. M. 



CAMBRIDGE GREEK AND LATIN TEXTS. 

JEschylus. By F. A. Paley, M.A. 3*. 

Ccesar de Bello Gallico. By G. Long, M.A. &a. 

Cicero de Senectute et de Amicitia, et Epistoto Select®. By 

G. Long, M.A. It. 64. 

Ciceronis Orationes. Vol. I. (in Verrem). By G. Long, M.A. 3*. Qd. 
Euripides. By F. A. Paley, M.A. 3 vols. 38. Qd. each. 
Herodotus. By J. G. Blakesley, B.D. 2 vols. 7s. 
Homeri Bias. I.-XII. By F. A. Paley, M.A. 2s. Qd. 
Horatius. By A. J. Macleane, M.A. 2s. Qd. 



Educational Works. 



Juvenal et Persius. By A. J. Macleane, M.A. Is. 6d. 

Lucretius. By H. A. J. Munro, M.A. 2s. 6d. 

Sallusti Crispi Catilina et Jugurtha. By G. Long, M.A. 1*. 64. 

Terenti Comcediffl. By W. Wagner, Ph.D. 3s. 

Thucydides. By J. G. Donaldson, D.D. 2 vols. 7s. 

Virgilius. By J. Conington, M.A. 8*. 6d. 

Xenophontis Ezpeditio Cyri. By J. F. Macmichael, B.A. 2s. 6rf. 

Novum Testamentum Gracum. By F. H. Scrivener, M.A. 4s. Od. 
An edition with wide margin for notes, 12*. 

CAMBRIDGE TEXTS WITH NOTES. 

A Selection of the most usually read of the Greek and Latin Authors 
Annotated for Schools. Fcup Svo. Is. 6d. each. 

9 

Euripides. Alcestis. By F. A. Paley, M.A. 

Medea. By F. A. Paley, M.A. 

■ Hippolytus. By F. A. Paley, M.A. 

- Hecuba. By F. A. Paley, M.A. 
■ Baochee. By F. A. Paley, M.A. 

JEschylus. Prometheus Vinctus. By F. A. Paley, M.A. , 
Ovid. Selections. By A. J. Macleane, M.A. 

PUBLIC SCHOOL SERIES. 

A Series of Classical Texts, annotated by well-known Scholars. 

Crown tivo. 

Aristophanes. The Peace. By F. A. Paley, M.A. 4s. (id. 
■ The Acharnian8. By F. A. Paley, M.A. 4s. 6rf. 

— The Frogs. By F. A. Paley, M.A. 4s. 6d. 

Cicero. The Letters to Atticus. Bk. L By A. Pretor, M.A. 4s. Qd. 
Demosthenes de Falsa Legations. By R. Shilloto, M.A. 6s. 

The Law of Leptines. By B. W. Beatson, M.A. 

Plato. The Apology of Socrates and Crito. By W. Wagner, Ph.D. 
4th Edition. 4s. 6d. 

The Phaido. By W. Wagner, Ph.D. 5s. 6d. 

The Protagoras. By W. Wayte, M.A. 4s. 6</. 

Plautus. TheAulularia. By W. Wagner, Ph.D. 2nd Edition. 4s. 6d. 

Trinummus. By W. Wagner, Ph.D. 2nd Edition. 4s. (M. 

The Menaechmei. By W. Wagner, Ph. D. [Immediately. 

Sophoclis Trachinise. By A. Pretor, M.A. 4s. (Sd. 

Terence. By W. Wagner, Ph.D. 10s. 6rf. 
Theocritus. By F. A. Paley, M.A. 4s. 6d. 

Others in preparation. 



George Bell and Sons' 



CRITICAL AND ANNOTATED EDITIONS. 

JEtna. By H. A. J. Munro, M.A. 8*. 6d. 

Aristophanis Com online. By H. A. Holden, LL.D. 8vo. 2 vols. 
23*. Gel. Plays sold separately. 

Pax. By F. A. Paley, M.A. Fcap. 8vo. 4*. 6d. 

Horace. Quinti Horatii Flacci Opera. By H. A. J. Munro, M.A. 
Large 8vo. 11. Is. 

Livy. The first five Books. By J. Prendeville. l2mo. roan, 5s. 
Or Books I.-l II. St. &f. IV. and V. 3*. 6d. 

Lucretius. Titi Lucretii Cari de Renim Natura Libri Sex. With 
a Translation and Notes. By H. A. J. Munro, M.A. 2 vols. 8vo. Vol. I. 
Text, lCs. Vol. II. Translation, 6». (Bold separately.) 

Ovid. P. OvidiiNasonisHeroidesXIV. By A. Palmer, M.A. 8vo. fis. 

Fropertius. Sex. Aurelii Propertii Carmina. By F. A. Paley, M.A. 
bvo. Cloth, 9« 

Sophocles. The Ajax. By C. E. Palmer, M.A. 4*. 6 d. 

Thucyriides. The History of the Peloponnesian War. By Richard 
Shilluto, M.A. Book I. 8vo. fa. 6rf. (Book II. in the press.) 

Greek Testament Bv Henry A 1 ford, D.D. 4 vols. 8vo. (Sold 
separately.) Vol. 1. 11.8*. Vol. II. II. 4*. Vol. III. 18*. Vol. IV. Part 1. 18*.; 
Par,t 11. 14*.; or in one Vol. 82*. 



LATIN AND GREEK CLASS-BOOKS. 

Auxilia Latin a. A Series of Progressive Latin Exercises. By 
Rev. J. B. Baddeley, M.A. Fcap. 8vo. 2*. 

Latin Prose Lessons. By A. J. Church, M.A. 2nd Edit Fcap. 8vo. 

2s. 6<Z. 

Latin Exercises and Grammar Papers. By T. Collins, M.A. Fcap. 

8vo. 2*. 6d. 

Analytical Latin Exercises. By C. P. Mason, B.A. 2nd Edit. 3s. 6d. 

Scala Gr»ca: a Series of Elementary Greek Exercises. By Rev. J.W. 
Tavis, M.A., and R W. Baddeley, M.A. 3rd Edition. Feap. 8vo. 2s. 6rf. 

Greek Verse Composition. By G. Preston, M.A. Crown 8vo. 4s. 6d. 

By the Rev. P. Frost, M.A., St. John's College, Cambridge. 

Eclogffl Latin® ; or, First Latin Reading Book, with English Notes 
and a Dictionary. New Edition. Feap. 8vo. 2a. 6d, 

Materials for Latin Prose Composition. New Edition. Fcap. 6vo, 
2*. 6rf. Key, 4*. 

A Latin Verse Book. An Introductory Work on Hexameters and 
Pentameters. New Edition. Fcap. 8vo. 3*. Key, 6*. 

Analecta Graeca Minora, with Introductory Sentences, English Notes, 
and a Dictionary. New Edition. Fcap. 8vo. 3*. W. 

Materials for Greek Prose Composition. New Edit. Fcap. 8vo. 3#. (W. 

Key, 5*. 

Florileginm Poeticum. Elegiac Extracts from Ovid and Tibullus 
New Edition. With Notes. Feap. 8vo. 8*. 



Educational Works. 



By the Rev. F. E. Gretton. 

A First Cheque-Book for Latin Verse-makers. Is. Qd. 

A Latin Version for Masters. '<£#. Qd. 

Reddenda; or, Pa^sases with Parallel Hints for Translation into 
Latiu Prose and Verse. Crown 8vo. U. Qd. 

Reddenda Reddita (set next p«ye). 

By H. A. Holden, LL.T). 

Foliorum Silvula. Part 1. Passages for Translation into Latin 
Elegiac aud Heroic Verse. 8th Edition. Post 8vo. 7s. Qd. 

Part II. Selert Passages for Translation into Latin Lyric 

and Comic Iambic Verse. 3rd Edition. Post 8vo. 5*. 

Part III. Select Passages for Translation into Greek Verse. 



3rd Editiou. Post 8vo. 8*. 

Folia Silvulae, sive Eclogte Poetarum Angliftorum in Latinum et 
Oraacum couvursaa. 8vo. Vol. I. 10«. 04. Vol. II. 12a. 

Foliorum Centuriae. Select Passages for Translation into Latin and 
Greek Prose. 6th Edition. Post 8vo. St. 



* • 



TRANSLATIONS, SELECTIONS, &c. 

Many of the following books are well adapted for school prizes. 



£2schylns. Translated into English Prose by F. A. Paley, M.A. 
2nd Edition. 6vo. Is. Qd. 

— — Translated by Anna Swanwick. Crown 8vo. 2 vols. 12s. 

Folio Edition, with Thirty-three Illustrations from Flax- 
man's designs. 2£. 2c. 

Anthologia Graeca, A Selection of Choice Greek Poetry, with Notes. 
By Rev. F. St. John Thackeray, ith and Cheaper Edition. 16mo. 4s Qd. 

Anthologia Latina. A Selection of Choice Latin Poetry, from Nrcvius 
to Bttgthius, with Notes. By Rev. F. St. John Thackeray. Fcap. 8vo. 
Qt.Qd. 

Aristophanes: The Peace. Text and metrical translation. By 
B. B. Rogers, Ml. Fcap 4to. ?«. Qd. 

The Wasps. Text and metrical translation. By B. B. 

Rogers, It. A. Fcap. 4 to. 7«. Qd. 

Corpus Poetarum Latinorum. Edited by Walker. 1 vol. 8vo. 18*. 

Horace. The Odes and Carmen Seeculare. In English verse by 
J.Conington, M.A. 7th edition. Fcap. 8vo. 5t.Qd. 

The Satires and Epistles. In English verse by J. Coning- 

ton, M.A. 4th edition. Qt. Qd. 

Illustrated from Antique Gems by C. W. King, M.A. * The 



text revised with Introduction by H. A. J. Munro, M.A. Large Svo. U. U, 



6 Oeorge Bell and Sons' 

Mvsae Etonenses, sive Carminvm Ktorin Cot ditorvm Delect vs. By 
Richard Okes. 2 vols 8vo. 15*. 

Propertius. Verse translations from Book V., with revised Latin 
Text. By F. A. Taley, M.A. Fcap. 8io. St. 

Plato. Gorgias. Translated by E. M. Cope, M.A. 8vo. 7». 

Pbilebns. Translated by F. A. Paley, M.A. Small 8yo. 4.«. 

Theetetus. Translated by F. A. Paley, M.A. Small wvo. 4*. 

Analysis and Index of the Dialogues. By Dr. Day. Post 

8vo. 6*. 

Beddenda Beddita: Passages from English Poetry, with a Latin 
Vei so Translation. By F. E. Grettoo. Crown 8vo. tit. 

Sabrina Corolla in hortnlis Regiae Soholre Salopiensis contexuerunt 
tres vlri floribus legendis. Editio tortla. 8vo. 8j. M. 

Sertum Carthnsiaimm Floribus trium Seculorum Contextum. By 

W. B. Brown. 8vo 14*. 

i beocritus. In English Verse, by C. S. Calverley, M.A. Crown 8vo. 
is. W. 

Translations into English and Latin. By C. S. Calverley, M.A. 

Post 8vo. Is. 6d. 

into Greek and Latin Verse. By R. C. Jebb. 4to. cloth 

git. 10*. 6d. 

Virgil in English Rhythm. By Rev. R. C. Singleton. Large crown 
8vo. 7*. W. 

REFERENCE VOLUMES. 

A Latin Grammar. By T.H. Key, M.A. 6th Thousand. Post8vo. 8*. 
A Short Latin Grammar for Schools. By T. H. Key, M.A., F.R.S.' 

llth Edition. Poet 8vo. 3». W. 

A Guide to the Choice of Classical Books. By J. B. Mayor, M.A. 

Crown 8vo. 2*. 

The Theatre of the GreekB. By J. W. Donaldson, D.D. 8th Edition, 

Post 8vo. 64. 

A Dictionary of Latin and Greek Quotations. By H. T. Riley. Post 
8vo. 5*. With Index Yerborum, 6a. 

A History of Roman literature. By W. S. TeuftVl. Professor at the 
University of Tubingen. By W. Wagner, Ph.D. 2 vols. Demy 8vo. 21*. • 

Students Guide to the University of Cambridge. Revised and cor- 

rected. 8rd Edition. Fcap. 8vo. 6*. 6d. 



CLASSICAL TABLES. 

Greek Verbs. A Catalogue of Verbs, Irregular and Defective; their 
leading formations, tenses, and inflexions, with Paradigms for conjugation, 
Rules for formation of tenses, Ac. Ac. By J. S. Baird, T.C.D. 2s. 6rf. 

Greek Accents (Notes on). By A. Barry, D.D. New Edition. 1*. 

Homeric Dialect Its Leading Forms and Peculiarities. By J. S. 
Baird, T.C.D. 1*. 

Greek Accidence. By the Rev. P. Frost, M.A. New Edition. 1«. 
Latin Accidence. By the Rev. P. Frost, M.A. 1*. 



Educational Works. 



Latin Versification. 1*. 

Notabilia QusBdam ; or tbe Principal Tenses of most of the Irregular 
Greek Verbs and Elementary Greek, Latin,, and French Constructions. 
New edition. 1«. 

Richmond Rules for tbe Ovidian Distich, (fee. By J. Tate, M.A. Is. 
Ihe Principles of Latin Syntax. 1*. 



CAMBRIDGE SCHOOL AND COLLEGE 

TEXT-BOOKS. 

A Series of Elementary Treatise* for Ihe use of Students in the Univer- 
sities, S< hoots, and Candidates for ihe Public 
Examinations. Fcap. Svo. 

Arithmetic. By Rev. C. Elsee, M.A. Fcap. 8vo. 7th Edit. 3*. Qd. 

Algebra. By the Rev. C. Elsee, M.A. 4th Edit. 4*. 

Arithmetic. By A. Wrigley, M.A. 3*. 6d. 

A Progressive Course of Examples. With Answers. By 

J. Watson, M.A. 3rd Edition. 2s. 6d. 

Algebra. Progressive Course of Examples. With Answfrs. By 
Rev. W. F. M'Michael, M. A., and R. Prowde Smith, M A. [Immediate'y. 

An Introduction to Plane Astronomy. By P. T. Main, M.A. 3rd 
Edition. [In, the Press. 

Conic Sections treated Geometrically. By W. H. Besant, M.A. 
2nd Edition. 4*. 6(2. 

Elementary Statics. By Rev. H. Goodwin, D.D. 2nd Edit. 3*. 

Elementary Dynamics. By Rev. H. Goodwin, D.D. 2nd Edit. 3*. 

Elementary Hydrostatics. By W. H. Besnnt, M.A. 7th Edit. 4*. 

An Elementary Treatise on Mensuration. By B. T. Moore, M.A. 5s. 

The First Three Sections of Newton's Principia, with an Appendix; 
and tbe Ninth and Eleventh Sections. By J. H. Evans, M T A. 6th Edition, 
by P. T. Main, M.A. 4«. 

Elementary Trigonometry. By T. P. Hudson, M.A. 3s. Gd. 
Geometrical Optics. With Answers. By W. S. Aldis, M.A. 3*. (W. 
Analytical Geometry for Schools. By T.G. Vyvyan. 3rd Edit. 4* hU 
Companion to the Greek Testament By A. C. Barrett, A.M. 3rd 

Edition. Fcap 8vo. bs. 

An Historical and Explanatory Treatise on the Book of Common 
Prayer. By W. G. Humphry, B.D. 6th Edition. Fcap. Svo. 4*. Qd. 

Music. By H. C. Banister. 0th Edition revised. 5s. 

History of. By H. G. Bona\ia Hunt, Mus. B. Oxon. 

[Shortly. 

ARITHMETIC AND ALGEBRA. 

Principles and Practice of Arithmetic. By J. Hind, M.A. 0th Edit. 

4*. Qd. 

Elements of Algebra. By J. Hind, M.A. 6th Edit. 8vo. 10#. 67/. 

See alto foregoing Series. 
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GEOMETRY AND EUCLID. 

Text Book of Geometry. By T. S. Aldis, M JL. Small 8vo. 4s. 6rf. 

Part I. 2«. 6V. Part II. 2«. 

The Elements of Euclid. By H. J. Hose. Fcap. 8vo. 4*. Qd. 

Exercises separately. 1*. 
. The First Six Books, with Commentary by Dr. Lardner. 

10th Edition. 8vo. 6*. 

The First Two Books explained to Beginners. By C. P. 



Mason, B. A. 2nd Edition. Feap.8vo. 2*. 6d. 

The Enunciations and Figaros to Euclid's Elements. By Rev. J. 

Brassc, D.D. 3rd Edition. Fcap. 8vo. Is. On Cards, in case, 5«. 6d. 
Without the Figures, W. 

Exercises on Euclid and in Modern Geometry. By J. McDowell, B. A. 

Crown 8vo. St. 6d. 
Geometrical Conic Sections. By W.H.Besant,M.A. 2nd Edit. 4«.6</. 
The Geometry of Conies. By C. Taylor, M.A. 2nd Edit. 8vo. 4s. Qd, 
Solutions of Geometrical Problems, proposed at St. John's College 

from 1880 to 1840. By T. Gaakin, M.A. 8vo, 12*. 



TRIGONOMETRY. 

The Shrewsbury Trigonometry. By J. C. P. Aldons. Crown 8vo. 2s. 
Elementary Trigonometry. By T. P. Hudson, M.A. 3s. 6d. 
Elements of Plane and Spherical Trigonometry. By J. Hind, M.A. 

6th Edition. 12mo. 6s. 

Am Elementary Treatise on Mensuration. By B. T. Moore, M.A. 5*. 



ANALYTICAL GEOMETRY 
AND DIFFERENTIAL CALCULUS. 

An Introduction to Analytical Plane Geometry. By W. P. Turnbull, 

M.A. 8vo. 12*. 

Treatise on Plane Co-ordinate Geometry. ' By M. O'Brien, M.A. 

8vo. 9s. 

Problems on the Principles of Plane Co-ordinate Geometry. By W. 

Walton, M.A. 8vo. 16*. 

Trilinear Co-ordinates, and Modern Analytical Geometry of Two Di- 
mensions. By W. A. Whit worth, M.A. 8t». lit. 

Choice and Chance. By W. A.Whitworth. 2nd Edit. Cr. 8to. 6s. 
An Elementary Treatise tn Solid Geometry. By W. S. Aldis, M.A. 

2nd Edition, revised. 8vo. 8*. 

Geometrical Illustrations of the Differential Calculus. By M. B. Pell. 

8vo. 2s. 6d. 

Elementary Treatise on the Differential Calculus. By M. O'Brien, 

M.A. 8vo. 10a. 6d. 

Notes on Roulettes and Glissettes. By W. H. Besant, M.A. 8vo. 

3« 6d. 

Elliptic Functions, Elementary Treatise on. By A. Cayley, M.A. 
Demy. 16*.. 



Educational Works. 



MECHANICS & NATURAL PHILOSOPHY. 

Elementary Statics. By H. Goodwin, D.D. Fcap. 8vo. 2nd Edit. 3*. 
Treatise on Statics. By S. Earnshaw, M.A. 4th Edit. 8vo. 10*. 6d. 
A Treatise on Elementary Dynamics. By W.Garnett,B.A. Cr.8vo. 6*. 
Elementary Dynamics. By H. Goodwin, D.D. Fcap.8vo. 2nd Edit. 

3s. 

Problems in Statics and Dynamics. By W. Walton, M.A. 8vo. 10*. 6d. 
Problems in Theoretical Mechanics. By W. Walton. 2nd Edit. 

revised and enlarged. Demy 8vo. 16*. 

An Elementary Treatise on Mechanics. By Prof. Potter. 4th Edit. 

revised. 8*. 6d. 

Elementary Hydrostatics. By Prof. Potter. 7a. 6rf. 

By W. H. Bezant, M.A. Fcap. 8vo. 8th Edition. 4*. 

A Treatise on Hydromechanics. By W. H. Besant, M.A. 8vo. 

New Edition revised 10«. 6d. 

A Treatise on the Dynamics of a Particle. By W. H. Besant, M.A. 

[Preparing. 

Solutions of Examples on the Dynamics of a Rigid Body. By W. N. 

Griffin, M.A. Svo. 6s. 6d. 
Of Motion. An Elementary Treatise. By J. R. Lunn, M.A. 7$.6d. 
Geometrical Optics. By W. S. Aldis, M.A. Fcap. 8vo. 3*. 6d. 
A Chapter on Fresnel's Theory of Double Befraction. By W. S. 

Aldis, M.A. 8vo. 2*. 

An Elementary Treatise on Optics. By Prof. Potter. Part I. 3rd Edit. 

9«. 6rf. Part II. 12». 6U 

Physical Optics; or the Nature and Properties of Light. By Prof. 
Potter, A.M. 6*. 6d. Part II. 7s. 6d. 

Heat, An Elementary Treatise on. By W. Garnett, B.A. Crown 

8vo. 2*. 6d. 

Figures Illustrative of Geometrical Optics. From Scbelbach. By 
W. B. Hopkins. Folio. Plates. 10*. 6d. 

The First Three Sections of Newton's Principia, with an Appendix; 
and cbe Ninth and Eleventh Sections. By J. H. Evans, M.A. 5th Edit. 
Edited by P. T. Main, M.A. 4*. 

An Introduction to Plane Astronomy. By P. T. Main, M.A. Fcap. 

8vo. cloth. 4*. 

Practical and Spherical Astronomy. By B. Main, M.A. 8vo. 14*. 
Elementary Chapters on Astronomy, from the "Astronomie Phy- 

siquo " of Biot. By H. Goodwin, D.D. 8vo. 3*. Qd. 

A Compendium of Facts and Formulae in Pure Mathematics and Natural 

Philosophy. By G. R. Sroalley. Fcap. 8vo. 8* 6U 

Elementary Course of Mathematics. By H. Good win, D.D. th Edit. 
8vo. 16* 

Problems and Examples, adapted to the "Elementary Course of 
Mathematics." 3rd Edition. 8vo. 5s. 

Solutions of Goodwins Collection of Problem* and Examples, By 
W. W. Hutt, ALA. 3rd Edition, revised and enlarged. 8vo. fta. 
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Elementary Examples in Pore Mathematics. By J. Taylor. 8vo. 

7s. ed. 
Mechanical Euclid. By the late W. Whewell, D.D. 5th Edition. r> 8 . 

Mechanics of Construction. With numerous Examples. By S. Fen- 
wick, F.R.A.8. 8vo. 12». 
Table of Anti-Logarithms. By FT. E. Filipowski. 3rd Edit. 8vo. 15* 
Mathematical and other Writings of R. L. Ellis, M.A. Hvo. 10*. 
Notes on the Principles of Pure and Applied Calculation. By llev. 

J. Challis, H.A. Demy 8vo. 15*. 

The Mathematical Principle of Physics. By Rev. J. Challis, M.A. 
Demy 8vo. 6*. 

HISTORY, TOPOGRAPHY, &c. 

Borne and the Campagna. By R. Burn, M.A. With 85 Engravings 
and 20 Maps and Plan*. With Appendix. 4to. 31. 3«. 

Modern Europe. By Dr. T. H. Dyer. 2nd Edition revised and 
continued. 6 vols, deray 8vo. 21. \2s, dcU 

The History of the Kings of Rome. By Dr. T. H. Dyer. 8vo. 10*. 

A Plea for Li?y. By Dr. T. H. Dyer. Hvo. 1*. 

Roma Begalis. By Dr. T. H. Dyer. 8vo. 2*. 6<*. 

The History of Pompeii: its Buildings and Antiquities. By T. H. 
Dyer. 3rd Edition, brought down to 1874. Poet 8vo. 7«. <W. 

Ancient Athens : its History, Topography, and Remains. By T. H. 
Djer. Super-royal 8vo. Cloth, 1l.fi*. 

The Decline of the Roman Republic. By G. Long. 5 vols. 8vo. 

14a. each. 

A History of England during the Early and Middle Ages. By 0. H. 

Poanxm, M.A. 2nd Edit., revised and enlarged. 8vo. VoL I. 16*. 
Vol. II. 14*. 

Historical Maps of England. By C. H. Pearson. Folio. 2nd E lit. 

revised. 31*. fid. 

A Practical Synopsis of English History. By A. Bowes. 4th Edit. 

8vo. 2*. 

Student's Text-Book of English and General History. By D. Beale. 

Crown 8vo. 2*. 6d. 

Lives of the Queens of England. By A. Strickland. Library Edition, 
8 vols. 7*. 6d. each. Cheaper Edition, 6 vols. 5*. each. Abridged Edition, 
1 vol. 6s. M. 

Eginhard's Life of Earl the Great. Translated with Notes by 

W. Glaister, M.A., B.C.L. Crown 8vo. 4*. 6d. 
Outlines of Indian History. By A. \V. Hughes. Small post 8vo. 3*. 6</. 

The Elements of General History. By Prof. Tytler. New Edition, 
brought down to 1874. Small post 8vo. 8*. Od. 

Atlases. 

An Atlas of Classical Geography. 24 Maps. By W. Hughes end 
G. Long, M.A. New Edition. Imperial 8vo. 12*. 6d. 

A Grammar- School Atlas of Classical Geography. Ten Maps selected 

from the above. New Edition. Imperial 8 vo. 5*. 

First Classical Maps. By the Rev. J. Tate, M.A. 3rd Edition. 
Imperial 8vo. 7*. 6d, 

Standard Library Atlas of Classical Geography. Imp. 8vo. 7«. M. 



Educational Works. 11" 



PHILOLOGY. 

WEBSTER'S DICTIONARY OF THE ENGLISH LANGUAGE. 
Re-edited by N. Porter and C. A. Goodrich. With Dr. Mahn's Ety- 
mology. 1 vol. 21*. With Appendices and 70 additional pages of 
Illustrations, 81 *. <ta. 

"The best practical English Dictionary extant." — Quarterly Review. 
Prospectuses, with specimen pages, post free on application. 

New Dictionary of the English Language. Combining Explanation 
with Etymology, and copiously illustrated by Quo f ations from the best 
Authorities. By Dr. Richardson. New Edition, with a Supplement. 2 
vols. 4 to. 41. 14*. 6d. ; half russia, 51. 15*. 6d. ; russia, 62. 12t. Supple- 
ment separately. 4to. 12*. 

An 8vo. Edition, without the Quotations, 15*. ; half russia, 20*. ; russia, 
24*. 

The Elements of the English Language. By E. Adams, Ph.D. 

] 5 tb Edition Post8vo. 4*. 6d. 

Philological Essays. By T. II. Key, M.A., F.R.S. 8vo. 10*. Qd. 
Language, its Origin and Development By T. H. Key, M.A., F.R.S. 

8vo. 14«. 

Synonyms and Antonyms of the English Language. By Archdeacon 

Smith. 2nd Edition. Post 8yo. 6*. 

Synonyms Discriminated. By Archdeacon Smith. Demy 8vo. 16*. 

A Syriac Grammar. By G. Phillips, D.D. 3rd Edit., enlarged. 
8vo. 7*. <w. 

A Grammar of the Arabic Language. By Key. W. J. Beaumont, M.A. 

12mo. 7*. 



DIVINITY, MORAL PHILOSOPHY, &c. 

Novum Testamentum Grsecum, Textus Stephanici, 1 550. By F. H. 
Scrivener. A M., LL.D. New Edition. 16mo. 4*. 6<L Also on Writing 
Paper, with Wide Margin. Half-bound. 12*. 

By the same Author. 

Codex Bezae Cantabrigiensis. 4to. 26*. 

A Full Collation of the Codex Sinaiticus with the Received Text of 
the New Testament, with Critical Introduction. 2nd Edition, revised. 
Fcap. 8vo. 6*. 

A Plain Introduction to the Criticism of the New Testament With 
Forty Facsimiles from Ancient Manuscripts. New Edition. 8vo. 16*. 

Six Lectures on the Text of the New Testament For English Headers. 

Crown 8vo. 6*. 

The New Testament for English Readers. By the late H. Alfor-t, 

D D. Vol. I. Part I. 3rd Edit. 12*. Vol. I. Part II 2nd Edit. 10*. M. 
Vol II. Part I. 2nd Edit. 10*. Vol. II. Port II. 2nd Edit. 10*. 

The Greek Testament By the late H. Alford, D.D. Vol. I. 6th 
Edit. U. 8b. Vol. II. 6th Edit. It. 4*. Vol. III. 6th Edit. 18*. Vol. IV, 
Part I. 4th Edit 18*. Vol. IV. Part II. 4ta Edit. 14*. Vol. IV., XL 12*. 
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Companion to the Greek Testament. By A. C. Barrett, M.A. 3rd 

Kdition. Fcup. 8yo. 5*. 

Hints for Improvement in the Authorised Version of the New 
Testament. By the late J. 8cholefield, M.A. 4th Edit. Fcap. 8vo. 4«. 

Liber Apologeticus. TIih Apology of Tertullian, with English 
Notes, l»y 11. A. Woodham, LL.D. 2ud Edition. 8vo. 8s. 6&. 

The Book of Psalms. A New Translation, with Introductions, <fcc. 
By Rev. J. J. Stewart Perowne, D.D. Svo. Vol. I. 4th Edition, 18*. 
Vol. II. 3rd Edit. 16s. 

Abridged for Schools. 2nd Edition. Crown 8vo. 10*. 6rf. 

The Thirty-nine Articles of the Church of England. By the Ven. 

Archdeacon Welch man. New Edition. Fcap. 8vo. 2«. Interleaved, 8*. 

History of the Articles of Religion. By C. H. Hardwick. 3id Edition. 

Post 8vo. 5*. 

Pearson on the Creed. Carefully printed from an early edition. 
With Analysis aud Index by E. Walford, M.A. Post 8vo. 5*. 

Doctrinal System of St. John as Evidence of the Date of his Gospel. 

By Rev. J. J. Lias, M.A. Crown 8vo. 6*. 

An Historical and Explanatory Treatise on the Book of Common 

Prayer. By Rev. W. G. Humphry, B.D. 6th Edition, enlarged. Small 
post 8vo. 4*. 64. 

The New Table of Lessons Explained. By Rev. W. G. Humphry, 

B.D. Fcap. 1*. 64. 

A Commentary on the Gospels for the Sundays and other Holy Days 
of the Christian Year. By Rev. W. Deuton, A.M. New Edition. S vols. 
Svo. 54*. Sold separately. 

Commentary on the Epistles for the Sundays and other Holy Days 
of the Christian Year. 2 vols. 86«. Sold separately. 

Commentary on the Acts. Vol. 1. 8vo. 18s. Vol. II. 14*. 
Jewel's Apology for the Church of England, with a Memoir. 32mo. 2*. 

Notes on the Catechism. By Rev. A. Barry, D.D. 5th Edit. 
Fcap. 2s. 

Catechetical Hints and Helps. By Rev. E. J. Boyce, M.A. 3rd 
Edition, revised. Fcap: 2s. 64. 

Examination Papers on Religious Instruction. By Rev. E. J. Boyce. 

Sewed. It. 64. 

Church Teaching for the Church's Children. An Exposition of the 

Catechism. By the Rev. F. W. Harper. Sq. fcap. 2s. 

The Winton Church CatechifL Questions and Answers on the 
Teaching of the Church Catechism. By the late Rev. J. S. B. Monsell, 
LL.D. 8rd Editiou. Cloth, 8«. ; or in Four Parts, sewed. 

The Church Teacher's Manual of Christian Instruction. By Rev. 

M. F. Sadler. 16th Thousand. 2s. 64. 

Brief Words on School Life. By Rev. J. Eempthorne. Fcap. 3*. 6rf. 
Short Explanation of the Epistles and Gospels of the Christian Year, 

with Questions. Royal 32mo. 2s. 6tf. ; calf, 4*. 64, 

Butler's Analogy of Religion ; with Introduction and Index by Rev. 
Dr. Steere. New Edition. Fcap. 8*. 64. 
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Butler's Three Sermons on- Human Nature, and Dissertation on 
Virtue. By W. Whewell, D.D. 4th Edition. Fcap. 8vo. 2s. 6d. 

Lectures on the History of Moral Philosophy in England. By W. 
Whewell, D.D. Crown 8vo. 8*. 

Elements of Morality, including Polity. By W. Whewell, D.D. New 
Edition, in 8vo. 16*. 

Astronomy and General Physics (Biidgewater Treatise). New Edi- 
tion. 5«. 

Kent's Commentary on International Law. By J. T. Ahdy, LL.D. 

New and Cheap Edition. Crown 8vo. [Immediately. 

A Manual of the Roman Civil Law. By G. Leapingwell, LL.D. 8vo. 

12*. 



FOREIGN CLASSICS. 

A series for use in Schools, with English Notes, grammatical and 
explanatory, and renderings of difficult idiomatic expressions. 

Fcap. Bvo. 

Schiller's Wallenstein. By Dr. A. Buchheim. 2nd Edit. 6*. Gd. 
Or the Lager and Piccolomini, 3*. M. Wallenstein's Tod, St. M. * 

Maid of Orleans. By Dr. W. Wagner. 3*. 6d m 

Maria Stuart. By V. Eastner. 3«. 

Goethe's Hermann and Dorothea. By E. Bell, M.A., and E. Wolfel. 

2s. 6d. 

German Ballads, from Uhland, Goethe, and Schiller. By C. L. 
Bielefeld. 3*. 6d. 

Charles XII., par Voltaire. By L. Direy. 3rd Edit. 3*. 6d. 

Aventurea de Te"le"maque, par FenSlon. By 0. J. Delille. 2nd Edit. 

4s. Gd. 

Select Fables of La Fontaine. By F. E. A. Gasc. New Edition. 3*. 
Picciola, by X. B. Saintine. By Dr. Dubuc. 4th Edit. 3a. Gd. 



FRENCH CLASS-BOOKS. 

Twenty Lessons in French. With Vocabulary, giving the Pronun- 
ciation. By W. Brebner. Post 8vo. 4*. 

French Grammar for Public Schools. By Rev. A. C. Clapin, M A. 
Fcap. 8vo. 2nd Edit. 2s. 6d. Separately, Part I. 2s.; Part II. 1*. W. 

French Primer. By Rev. A. C. Clapin, M.A. Fcap. 8vo. 1*. 

Le Nouveau Tresor ; or, French Student's Companion. By M. E. S. 
16th Edition. Fcap. 8vo. 8*. &*. 
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F. £. A. Gasc's French Course. 

First French Book. Fcap. 8vo. New Edition. Is. 6d. 

Second French Book. New Edition. Fcap. 8vo. 2*. 6eL 

Key to First and Second French Books. Fcap. 8vo. 8s. 6d. 

French Fables for Beginners, in Prose, with Index. New Edition. 
12mo. 2s. 

Select Fables of La Fontaine. New Edition. Fcap. 8vo. 3s. 
Histoires Amusantes et Instrnctives. With Notes. New Edition. 

Fcap. 8vo. 2s. 6d. 

Practical Guide to Modern French Conversation. Fcap. 8vo. 2s. 6d. 
French Poetry for the Young. With Notes. Fcap. 8vo. 2s. 
Materials for French Prose Composition ; or, Selections from the best 

English Pros© Writers. New Edition. Fcap. 8vo. 4*. 6d. Key, 6*. 

Prosateurs Contemporains. With Notes. 8vo. New Edition, revised. 
5*. 

Le Petit Compagnon ; a French Talk-Book for Little Children. 

16mo. 2s. W. 

An Improved Modern Pocket Dictionary of the French and English 
Languages. 25th Thousand, with additions. 16mo. cloth. As. 

Modern French-English and English-French Dictionary. 2nd Edition, 
revised. In 1 vol. 12s. 6d. (formerly 2 vols. 25s.) 



Oohbert's French Drama. 

Being a Selection of the best Tragedies and Comedies of Moliere, 
Racine, Coroeille, and Voltaire. With Arguments and Notes by A. 
Gombert. New Edition, revised by F. £. A. Oasc Fcap. 8vo. It. each; 
sewed, dd. 

Contents. 
Moliere: — Le Misanthrope. L'Avare. Le Bourgeois Qentilhomme. Le 
Tartnffe. Le Malade Imagmaire. Les Femmes Savantes. Les Fourberies 
de Scapin. Les Precleuses Ridicules. L'JScole des Femmes. L'ficole des 
Maris. Le M6decin malgre Lui. 

Racinb: — Phedre. Esther. Athalie. Iphigenie. Les Plaideurs. 1. La 
ThebaXde ; ou, Les Freres Ennemis. 2. Andromaque. 8. Britannicus. 

P. Corneillb :— Le Cid. Horace. Cinna. Polyeucte. 

Voltaire : — Zaire. 



GERMAN CLASS-BOOKS. 

Materials for German Prose Composition. By Dr. Buchheim. 4th 
Edition revised. Fcap. 4«. 6rf. 

A German Grammar for Public Schools. By the Rev. A. C. Clapin 
andF. HoUMiiller. Fcap. 2s. 6d. 

Kotzebue's Der Gefangene. With Notes by Dr. W. Stromberg. Is. 
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ENGLISH CLASS-BOOKS. 

The Elements of the English Language. By E.Adams, Ph.D. 15th 

Edition. Post 8vo. 4*. 64. 

The Rudiments of English Grammar and Analysis. By £. Adams, 

Ph.D. New Edition. Fcap. 8vo. 2s. 

By C. P. Mason, B.A. London University. 
First Notions of Grammar for Young Learners. Fcap.Bvo. Cloth. 8<f. 
First Steps in English Grammar for Junior Classes. Demy l8mo. 

New Edition. 1*. 

Outlines of English Grammar for the use of Junior Classes. Cloth, 
l*. 64. 

English Grammar, including the Principles of Grammatical Ana- 
lysis. 22nd Edition. Post 8vo. 8*. 64. 

The Analysis of Sentences applied to Latin. Post 8vo. Is. 6d. 
Analytical Latin Exercises: Accidence and Simple Sentences, &c. 

Post 8vo. 3*. 6d. 

Edited for Middle-Class Examinations. 

With Notes on the Analysis and Parsing, and Explanatory Remarks. 

Milton's Paradise Lost, Book I. With Life. 3rd Edit. Post 8vo. 2s. 

Book II. With Life. 2nd Edit. Post 8vo. 2*. 

Book III. With Life. Post 8vo. 2*. 

Goldsmith's Deserted Tillage. With Life. Post 8vo. 1*. Gd. 
Cowper's Task, Book II. With Life. Post 8vo. 2*. 
Thomson's Spring. With Life. Post 8vo. 2*. 

Winter. With Life. Post 8vo. 2*. 



Practical Hints on Teaching. By Rev. J. Menet, M.A. 4th Edit 

Crown 8vo. Cloth, 2*. 6d. ; paper, 2s. 
Test Lessons in Dictation. Paper cover, Is. 6d. 
Questions for Examinations in English Literature. By Rev. W. W. 

ISkeat. 2s. 6d. 

Drawing Copies. By P. H. Delamotte. Oblong 8vo. 12*. Sold also 
in parts at Is. each. 

Poetry for the School-room. New Edition. Fcap. 8vo. Is. fid. 

Select Parables from Nature, for Use in Schools. By Mrs. A. Gatty. 
Fcap. 8vo. Cloth. Is. 

School Record for Young Ladies' Schools. &d. 

Geographical Text-Book; a Practical Geography. By M. E. S. 

12mo. 2s. 

The Blank Maps done up separately. 4to. ?*. coloured. 

A First Book of Geography. By Rev. C. A. Johns, B.A., F.L.S. 

<tc. Illustrated. 12mo. 2s. 6(2. 

Loudon's (Mrs.) Entertaining Naturalist. New Edition. Revised by 

W. S. Dallas, F.L.S. 5s. 

Handbook of Botany. New Edition, greatly enlarged by 

D. Wooster. fcap. 2s. Qd. 
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The Botanist's Pocket-Book. With a copious Index. By W. R. 
Hay ward. Crown 8vo. Cloth limp, 4*. Od. 

Experimental Chemistry, founded on the Work of Dr. Stdckhardt. 
By C. W. Heaton. Poet 8vo. &t. 

Double Entry Elucidated. By B. W. Foster. 7th Edit. 4to. Ss.Gd. 
A New Manual of Book-keeping.' By P. Crellin, Accountant. Grown 

8vo. &». fid. 

Picture School-Books. In simple Language, with numerous Illus- 
trations. Royal 16mo. 

School Primer. 6rf— School Reader. By J. Tilleard. 1*.— Poetry Book 
for Schools, i*. — The Life of Joseph. Is.— The Scripture Parables. By the 
Rev. J. E. Clarke. 1*.— The Scripture Miracles. By the Rev. J. E. Clarke. 
1#.— The New Testament History. By the Rev. J. G. Wood, M.A. 1*.— The 
Old Testament History. By the Rev. J. O. Wood, M.A. 1*.— The Story of 
Bunyan's Pilgrim's Progress. 1#.— The Life of Christopher Columbus. By 
8aran Crompton. 1*. — The Life of Martin Luther. By Sarah Crompton. 1*. 



BOOKS FOR YOUNG READERS. 

In 8 Parts. Limp cloth, 6d. each. 

Part I. The Cat and the Hen ; A Cat iu a Bag ; Sam and his Dog, Red-leg; 
Bob and Tom Lee. Part II. The New-born Lamb ; The Good Boy, Bad Boy, 
and Nice Wise (iirl ; Bad Ben and Old Sam Sly; Poor Fan. Pare III. Tho 
Blind Boy ; The Mute Girl ; A New Tale of Babes in a Wood. Part IV. The 
New Bank-note ; Tho Royal Visit; A Kinu's Walk on a Winter's Day. Part V. 
Story of a Cat, told by Herself Part VI. The Three Monkeys. Part VII. 
Queen Bee and Bu*y Bee. Part VIII. Gull's Crag, A Story of tbe Sea. 



BELL'S READING-BOOKS. 

FOR SCHOOLS AND PAROCHIAL LIBRARIES. 

Tho popularity which tho " Books for Young Readers," have attained is 
a sufficient proof that teachers and pupils alike approve of the use of inter- 
esting stories, with a simple plot in p'ace of the dry combination of letters and 
syllables, making no impression on the mind, of which elementary reading- 
books generally consist. 

The Publishers have therefore thought it advisable to extend the application 
of this principle to books adapted for more advanced readers. 

Now Ready, Post Svo. Strongly bound. 
Hasterman Ready. By Captain Marryat 1*. M. 
Parables from Nature. (Selected.) By Mrs. Gatty. 1*. 
Friends in Fur and Feathers. By Owynfryn. Is. 
Robinson Crusoe. Is. Qd. 

Andersen 8 Ranish Tales. (Selected.) By E. Bell, MA. Is. 
Southey s Life of Nelson. (Abridged.) 1$. 
Grimm's German Tales. (Selected.) 1*. 
life of the Duke of Wellington. [In the press. 



London : Printed by John Strangeways, Castle St. Leicester Sq. 



